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Introduction 
1. Force as the origin of structures and motions 
 Dynamics is the area of science to study a force and/or a motion. 
Dynamics originated in Ancient Greek, and Sir Isaac Newton systematically 
settled the relationship between a motion and a force in 1687.1 According to 
Newton’s second law, a force produces acceleration. 
 A force can be seen in many objects from atom to planet, and a force 
affects their structures and their motions. In the case of a molecular level, 
two types of the intermolecular or interactive force contribute to a molecular 
structure and/or motion: dipole-dipole interaction and van der Waals force. 
Permanent dipoles electrostatically interact via dipole-dipole interactions, 
such as ion-dipole bonding or hydrogen bonding.2 For example, DNA is 
double-helically shaped via hydrogen bonds in nucleotide pairs.3 On the 
other hand, van der Waals forces include forces between (i) permanent 
dipoles, (ii) a permanent dipole and a corresponding induced dipole, and (iii) 
instantaneously induced dipoles.2 Geckos can climb a glass wall via the force 
of (iii) to arise from approximately 500,000 keratinous hairs.4  
Figure 1. (A) First model of DNA.3 (B) Gecko’s hairs 
and (C) single hair.4 
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Therefore, the intermolecular force or interactive force can be 
observed in various biological samples from molecules to living-bodies. For 
evaluating motions or structures of biological objects, a force is one of 
important variables. Atomic force microscopy (AFM) is one of strong tools in 
a molecular study, especially biological molecules, because it can measure an 
interactive force simultaneously imaging a sample structure. 
 
2. Atomic force microscopy as an imaging tool 
2.1. Background 
 AFM was developed for imaging a sample surface at high resolution 
in 1986.5 AFM is operated to survey a sample surface via a probe (referred to 
cantilever)(Fig. 2A). AFM was firstly applied for imaging inorganic 
materials.6–9 The operation mode is described as three modes: contact mode, 
tapping mode, and non-contact mode. In contact mode, the cantilever is 
dragged along a surface (Fig. 2B).6,8 However, the sample may be damaged 
via the friction of cantilever. In tapping mode, the cantilever is moved to 
continuously oscillate up and down near the sample surface (Fig. 2C).7 The 
tapping mode operation enables the nondestructive inspection, so this 
operation is the most standard. In non-contact mode, the cantilever is 
oscillated at either its frequency modulation or amplitude modulation where 
the amplitude of oscillation is typically from a few nanometers to a few 
pico-meters (Fig. 2D).9,10  
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Additionally, AFM could be operated in liquid condition in 1987.11 
In the first paper, the highly oriented pyrolytic graphite and NaCl that were 
covered paraffin oil were imaged in 0.15 nm of lateral resolution and 5 pm of 
vertical resolution. Since then, AFM operation in liquid has been applied to 
target various biological samples with maintaining their activity: nucleotides, 
proteins, cells, and tissues. 
 
 
  
Figure 2. (A) Model of AFM imaging methodology and imaging of yeast. (B) Model of 
contact mode. (C) Model of tapping mode. (D) Model of non-contact mode. 
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2.2. Examples for bio-molecular analysis 
2.2.1. DNA and proteins 
 Many biological molecules can be imaged via AFM, and have an 
impact. For example, DNAs and free proteins were mainly targeted. DNA 
structure was estimated based on X-ray diffraction.3 AFM could firstly image 
its helical repeat structure in 2001,12 and then AFM could image its double 
helix,13 and its secondary structure.14 AFM became the strong tool for DNA 
structure study. On the other hand, one of photoreceptors, rhodopsin, was 
imaged and firstly demonstrate its structure in 2003.15 This study developed 
AFM’s potential for the structural study of proteins. Since noughties, the 
structure of various proteins has been imaged with the progress of AFM. 
Additionally, the structure change of various proteins could be traced in a 
single molecular level, and imaged as a movie by high-speed AFM (HS-AFM; 
Table 1).16–23 AFM and HS-AFM has enabled to image many biological 
molecules, such as DNA and free proteins. 
  
Sample Type Motion Reference 
TrCel7A Enzyme Moving along cellulose 17 
Myosin V Motor protein Moving along atin filament 18 
Bacteriorhodopsin Receptor Photoactivating 19 
TrCel7A Enzyme Traffic jam 20 
F1-ATPase Motor protein Rotary 21 
Amyloid b1-42 Fiber protein Aggregation 22 
Annexin Cytoplasmic protein stabilizing membranes 23 
Table 1. Imaging molecules via HS-AFM. 
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2.2.2. Cells and tissues 
 AFM can also image a cell and a tissue, which are larger scale than 
molecules. The imaging of a cell by AFM was firstly reported in 1995.24 A 
porous membrane was used as a sample substrate for a cell immobilizing, 
and the stable cell imaging is firstly achieved. Then, some immobilization 
methodologies have been proposed for the stable cell imaging (Table 2).25–38 
Recently, based on these methodologies, the cell surface characteristics 
enabled to evaluate via AFM. In addition, some tissues has been imaged via 
AFM: pericardium,39 rabbit lens,40 various animal tissues,41 and poplar wood 
tissue.42 AFM has been mainly progressed as an imaging tool. It enables to 
image various biological samples from a molecule to tissue. However, it is 
difficult to specifically observe a target molecule on a complex field, such as 
cell surface. 
 
 
 
  
Substrate Reference 
Porous membrane filter 25, 26, 27, 28, 29 
Aluminum oxide filter 30 
Agarose 31, 32 
Gelatin-coated mica 33, 34 
Poly-L-lysin treated mica 35, 36 
Polyethienimine treated silica 37 
Lithographically patterned surface 38 
Table 2. Immobilization methodology 
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3. Atomic force microscopy as a force-measuring tool 
3.1. Background 
 AFM can measure an interactive force via force-distance curve 
measurement. The force-distance curve is a plot of cantilever-sample 
interactive force vs. cantilever-sample distance. The interactive force 
measurement is acquired with high lateral,43 vertical of 0.01 nm, and force of 
1 pN resolution44. The first works of force-distance curve measurement were 
appeared in 1989-1990.45 Since then, AFM has been progressed as a force 
measurement tool, and applied as a biological technology tool. 
 
3.2. Theories 
AFM force measurement is basically evaluated via three values: 
surface area, molecular elasticity, and scan rate. Each value has been 
theoretically simulated via some models. First, surface area has been 
simulated to use an elastic sphere as a model; these models are generally 
called as Hertz model or John-Kendall-Robert model (JKR model).46 Second, 
molecular elasticity is important value in the case of macromolecules 
measurement. Macromolecules are approximated to a single line, and its 
elastic behavior is simulated via freely jointed chain model (FJC model)47 or 
worm-like chain models (WLC model).48 Finally, a scan rate and a measured 
force can be related via Bell-Evans theory.49–51 
 Surface area is important for a contact of objects. In the case of a 
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rigidity sphere (Fig. 3A), an adhesion force is simply related to a work of 
adhesion via this equation, 
𝐹!" = 2𝜋 !!!!!!!!! 𝑊 (Eq. 1) 
where R is a radius, W is a work of adhesion, and Fad is an adhesion force.52  
However, a real object is generally an elastic sphere, whose structure 
elastically changes via an outer force. So the change is required to 
accommodate in two patterns: one is to accommodate no adherent (referred 
to Hertz model), and another is to accommodate an adherent (referred to 
JKR model; Fig. 3B). Especially, JKR model was firstly proposed as the strict 
model. A radius of the contact area is stated as, 
𝑎! = !! !!𝜋𝑅𝑊 ± 𝐹 + !!𝜋𝑅𝑊 ! (Eq. 2) 𝑅 = !!!!!!!!! (Eq. 3) 
where K is an elastic modulus, and a is the radius of a contact area.46 This 
equation was applied for the simulation of metal contact.53 The roughness of 
surface can decrease an adherent.54,55 In the case of soft viscoelastic bodies’ 
contact, such as macromolecules, their surface structure can change when 
they elastically contact. As a result, the real surface area is larger than the 
theoretical surface area.56 Additionally, in the case of molecules penetration 
or flow, the surface area increases depending on time.52 So only this equation 
is difficultly applied for the simulation of bio-molecules contact.  
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 The elasticity plays a key role for AFM measurement, because the 
cantilever behavior is basically based on a spring. Moreover, a molecular 
elasticity is also important for macromolecules evaluation. The biological 
macromolecules are generally evaluated via WLC model. In this model, the 
macromolecules are assumed to fluctuate with explaining Brownian motion. 
When the macromolecule is extended up to a maximum (Fig. 4A), its length 
or the contour length is stated as, 𝐿! = 𝑛𝑙 (Eq. 4) 
where n is the number of segment, for example, amino acids or nucleobases, 
and l is the segment length. Additionally, the native average wavelength of 
the fluctuation is called as a persistence length (𝐿!) (Fig. 4B). This length is a 
mechanical value with quantifying the stiffness of a macromolecule. The 
force and these lengths are related with stating as, 
Figure 3. Illustration of surface area model (A) rigidity sphere and (B) JKR theory 
sphere 
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𝐹 𝑥 = !!!!"!! !! !!!! ! − !!!!!!! + !!!!!  (Eq. 5) 
where k is Boltzmann constant, and T is a temperature.48 The relaxation 
process of protein was evaluated via this model.57 On the other hand, FJC 
model is based on the assumption that all segments freely behave and rotate. 
So the macromolecule is regarded as a random coil (Fig. 4C). The force and 
the radius of gyration (𝑅!) are related with stating as,47 𝐹 𝑥 ≈ !!"(!!!!)!!!  (Eq. 6) 
Then, in the case of long distance (𝑥 → 𝐿!), this equation is deformed as 
follow, 
𝐹 𝑥 ≈ !!"#!!!!  (Eq. 7) 
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Figure 4. Illustration of macromolecule (A) fully extended coil, (B) inflated coil, and (C) 
random coil. 
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The behavior of cantilever is basically represented via two 
equations: Stoney’s fomula58,59 and Hooke’s law. Stoney’s formula indicates 
the relationship between the cantilever end deflection 𝛿 to applied stress 𝜎, 
and is stated as, 
𝛿 = !!(!!!)! !!!! (Eq. 8) 
where 𝜈 is Poisson’s ratio, 𝐸 is young modulus, 𝐿 is the cantilever length, 
and 𝑡  is the cantilever thickness. Then, Hooke’s law indicates the 
relationship between cantilever’s spring constant 𝑘 and material constants, 
and is stated as, 
𝑘 = !! = !"!!!!!  (Eq. 9) 
where 𝐹 is force, 𝑤 is the cantilever width. Based on these equations, the 
cantilever is designed via microelectromechanical system (MEMS) 
technology. For example, a good cantilever has a high sensitivity, which is 
required low spring constant or low ratio 𝑡/𝐿. So a long and thin cantilever is 
ideal in order to have a large deflection.60,61  
 The nano-scale phenomenon of the cantilever tip is represented via 
Bell-Evans standard model. Bell firstly examined the relationship between a 
coupling time and a loading rate.62 Evans expanded the Bell’s theory into the 
application for the experiments and the calculation for the kinetic 
landscape.50,51 The energy barrier 𝐸! on applying the force 𝐹 is stated as, 𝐸!(𝐹) = 𝐸!(0)− 𝐹𝑥 (Eq. 10) 
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The energy barrier 𝐸! is discounted by mechanical energy, which is the 
product of force and displacement. Then, the chemical reaction is based on 
the Kramers’ theory.63 The rate of chemical reaction, 𝜈, is given based on the 
Arrhenius equation, 
𝜈 ∼ 𝜔!𝑒𝑥𝑝 − !! ! !!!!!!!  (Eq. 11)  
where 𝜔! is a natural vibration frequency, 𝑘! is the Boltzmann constant, 
and 𝑇 is the temperature. The force is assumed to act directly along a 
reaction coordinate, 𝑥 , to reach 𝑥!  at the transition state.50 The rate 
increase exponentially with force. The thermal fluctuation force is estimated 
via fluctuation-dissipation theorem, which connects the linear response 
relaxation of a system from a prepared non-equilibrium state to its 
statistical fluctuation properties in equilibrium,64 𝐹! = !!!!!  (Eq. 12; thermal fluctuation force) 𝜈 ≈ 𝜈!exp !!!  (Eq. 13) 
When the external force 𝐹 reach to or over the thermal fluctuation force 𝐹!, 
the bond formation ruptures exponentially. 
 Finally, the force of rupturing with the highest probability is 
assumed to be an interactive force. The interactive force can be calculated by 
considering the reaction probability.50,51 The interactive force is stated as, 
𝐹 = !!!!! 𝑙𝑛 !!!!!""!!!  (Eq. 14) 
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where 𝑟 is the loading rate, which is the product of the spring constant of 
cantilever and the pulling speed, and 𝑘!"" is the dissociation rate constant. 
The Bell-Evans model predicts the linear dependence of the interactive force 
on the logarithm of loading rate. 
Recently, the Bell-Evans model is attempted to expand, because this 
model is the special case of Kramers’ model.65,66 The more suitable model will 
be constructed with the progress of in silico evaluation.67 
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3.3 Experiments 
 A force measurement consists of both the approach process (gray 
line in Fig. 3) and the retract process (black line in Fig. 3). In the approach 
process, the piezo-scanner moves to the cantilever by the piezo expansion. 
After the sample contacts with the cantilever tip, the piezo-scanner continue 
to move until a point of maximum load is reached. Meanwhile, the cantilever 
is pressed by the sample, and the cantilever detects the vertically upward 
force (Fig. 5A). Then, the piezo-scanner is withdrawn from the cantilever tip 
(Fig. 5B). Only when the cantilever tip interacts to the sample surface, the 
cantilever is pulled vertically downward (Fig. 5C). The cantilever moves to 
the initial height (Fig. 5D). These processes are measured and recorded as 
the force-distance curve. The interactive force is generally calculated from 
the difference between the point of maximally pulling and the point of zero 
cantilever deflection. 
 
  
Figure 5. Model of force-distance curve 
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 The interactive force measurement was performed to modify 
molecules to the cantilever via two methods depending on cantilever 
materials. Silicon nitride cantilever has been modified via three steps: amino 
functionalization, crosslinker attachment, and molecule coupling.68,69 Amino 
functionalization is mainly performed with (3-aminopropyl)triethoxysilane, 
(3-aminopropyl)trimethoxysilane, or ethanolamine.70–76 The amino 
functionalized cantilever is modified with a molecule via some coupling 
reaction.69,77,78 On the other hand, gold coated cantilever has been modified 
with a self-assembled monolayer: either directly or a crosslinker molecule.68 
In spite of directly or indirectly, thiol or disulfide groups were self-assembled 
onto a gold surface.79,80 The spring constant of modified cantilever has been 
calibrated via the proposed methods.81–83  
 
3.4. Examples for bio-molecular analysis 
3.4.1. DNA 
 DNA is composed of the deoxyribose, the phosphoric acid, and four 
kinds of bases: adenine (A), guanine (G), cytosine (C), and thymine (T). In the 
double-stranded DNA, two polynucleotides bind via the complementary base 
pairs: A and T, G and C. These bindings are hydrogen bonds: two hydrogen 
bonds between A and T, and three hydrogen bonds between G and C. 
 The interactive forces of these hydrogen bonds between bases have 
been measured (Table 3).84–90 The experiments of Boland, et al, was 
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conducted using AFM on a self assembled monolayer coated cantilever or 
chip,84 and the experiment of Lee, et al, was conducted using AFM on long 
tract of base pairs.85–87 On the other hand, Sattin, et al, calculated the 
difference of interactive forces between the complementary DNAs and not 
complementary DNAs, based on the experiments of Lee, et at.88 In their 
experiments, the cantilever was modified with (GTCA)5, and the substrate 
was modified with (CAGT)5 for MATCH, (CAGT)2-CAGC-(CAGT)2 for 1 MIS, 
and (CAGT)2-CAAC-(CAGT)2 in for 2 MIS. As a result, the interactive forces 
of loss of A-T base pairs or G-C base pairs were 6.8 pN and 6.7 pN, 
respectively. Then, base stacking was assumed to be much more important 
than a hydrogen bond.88 Besides them, the hydrogen bonds between base 
pairs were evaluated based on the Bell-Evans model.89,90  
 
 
  
Table 3. Interactive force between DNAs 
Cantilever Substrate Loading rate Interactive force Reference 
Adenines coated Thymines coated N/D 630 pN (12 bp) 84 
(GTCA)3 (CAGT)3 N/D 830 pN 
85 (GTCA)4 (CAGT)4 N/D 1110 pN 
(GTCA)5 (CAGT)5 N/D 1520 pN 
(GTCA)16 (CAGT)5 N/D 490 pN 86 
TCTGCATTGTCCGA TCGGACAATGCAGA N/D 460 pN 87 
GGCTCCCTTCTACCACT
GACATCGCAACGG 
TAGCGTTGCC 120 pN/s 21 pN 
89 24000 pN/s 41 pN 
CCGAGGGAAGATGGTGA
CTGTAGCGTTGCC 1500 pN/s 48 pN 
CGCTTTTTTGCG CGCAAAAAAGCG 
538 pN/s 23 pN 
90 1276 pN/s 34 pN 
6300 pN/s 40 pN 
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The stability of DNA structure is also the crucial properties. DNA is 
stabilized via the hydrogen bonds and the stacking force in DNA strands. 
The hydrogen bonds contributed to hair-pin formation were evaluated via 
picking up DNA molecules with an untreated Si3N4 cantilever.91 The 
self-complementarity poly(dG-dC) (average length: 1257 bp) or poly(dA-dT) 
(average length: 5090 bp) were used on the gold substrate, and allowed for 
hair-pin formation within the two DNAs. The cantilever interacted with 
them via the non-specific attachment, and then stretched them. As a result, 
the interactive force of single G-C base pair was 20 pN, and that of single A-T 
base pair was 9 pN in the case of rupturing the hair-pin formation. Recently, 
Zhang, et al, designed two modes for the measurements of the hydrogen 
bonds and the stacking force.92 The various DNAs (dA, dT, dG, and dC) were 
prepared. The 3’-end of one DNA was modified on the glass substrate, and 
the complementary DNA was modified with the cantilever. The double 
strand DNAs were re-constructed and pulled up. In the case of modification 
of the 5’-end of the complementary DNA, the hydrogen bonds were unzipped. 
As a result, the interactive force of single G-C base pair was 20 pN, and that 
of single A-T base pair was 14 pN. In the case of modification of the 3’-end of 
the complementary DNA, the stacking force could be measured and it was 
estimated to be 2 pN. Therefore, the hydrogen bonds were assumed to 
strongly contribute to the stability of DNA structure. 
 DNA interacts with some proteins or peptides. In a living body, 
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DNA is transcribed via some proteins referred to transcriptional factor.93 
The interactive force between transcriptional factors and DNA has been 
reported.94–98 Recently, AFM is expected as the strong tool for probing the 
mechanism of interaction between DNA and small molecules.99 Furthermore, 
these binding capacity of DNA to proteins has been attempted to apply for a 
biosensor.100 DNAs as the sensor element were selected via AFM,101,102 and 
the molecular sensing has been performed based on the force-curve 
measurement.103–105 
 The characteristics of DNA has been clarified and evaluated via 
AFM since 90s. Recently, DNA was applied for sensing with AFM, but these 
sensing systems are in the early stage. So the novel AFM system is required 
to detect as a single molecular level. 
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3.4.2 Proteins and cells 
 The protein-protein interactions are crucial for regulations of 
biological functions.106–108 For example, avidin-biotin, antibody-antigen, 
enzyme-substrate (although substrate is not necessarily protein), and 
receptor-ligand, are seen as protein-protein interaction. The interactive force 
between protein-protein has been measured via AFM (Table 4).109–137  
The avidin-biotin interaction is well known as the strongest 
interaction of protein-protein interactions.138,139 Actually, the interactive 
force between avidin-biotin has been measured via AFM since 
1993.109,110,116,137 Although the loading rate has been difference, the 
interactive force between avidin-biotin is estimated to be approximately 
170-240 pN.  
Antibody is a kind of glycoproteins, and it can recognize the specific 
proteins.140 Some antibodies have been applied for measuring elements.111–
113,115,133,137 Although the loading rate has also been difference, the 
interactive force between antibody-antigen is estimated to be approximately 
100-200 pN, however this interactive force is lower than the interactive force 
between avidin-biotin in the case of the same loading rate.137  
Enzyme catalyzes a chemical reaction in vivo. Some enzymes, such 
as cellulase and chitinase, interact to each specific substrate molecule via 
their substrate-binding module.141 Actually, the interactive force between 
enzyme and substrate molecule has been measured via force-distance curve 
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measurement.124,126,132,134,135 Although their substrate molecules are not 
proteins, the evaluation of enzymes must be required to measure the 
interaction, especially in bioengineering research fields. 
On a cell surface, various proteins, such as receptors, channels, cell 
adhesion proteins, have been also detected via interactive force 
measurements. These proteins were immobilized with a 
substrate,114,117,118,121,122,127,129 or these proteins were in situ evaluated on a 
cell surface.119,120,123,125,128,130,131,136 These cell surface proteins relay signals 
and transport molecules between intra- and extra- cellular, so these proteins 
are functionalized as an initiation of cellular vital reactions. The interaction 
of receptor and ligand is a key of cellular functions. 
The protein-protein interactions have been measured and evaluated 
via AFM, however the methodology is in progress as an application. In the 
disease therapy research fields, antibody-antigen or receptor-ligand is 
mainly targeted.142–145 So the detection, sensing, and evaluating 
methodology are required, and then the interactive force measurement will 
be the unique application. In the bioengineering research fields, various 
enzymes were displayed on cell surface,146–149 however the in situ 
evaluations were difficultly performed via the previously reported methods. 
Therefore, the interactive force measurements targeting proteins have a 
possibility of application for various research fields. 
 21 
 
System Loading rate [pN/s] Force [pN] Reference
Biotin/Streptavidin N/D 340 109
Biotin/Streptavidin N/D 160
Iminobiotin/Streptavidin N/D 85
Human serum albumin/Anti-
human serum albumin
18000 244 111
Biotin/Anti-biotin antibody N/D 112 112
Ferritin/Anti-ferritin antibody N/D 49 113
12000 120
168000 159
Fluorescein/Single-chain Fv 30000 50 115
Biotin/Streptavidin 0.05 5
Biotin/Streptavidin 60,000 170
6000 32
120000 53
Argnin-glycine-aspartate/Platelet
integrin receptor
12000 90 118
Alpha2-macroglobulin/Alpha2-
macroglobulin receptor (on cell)
N/D 120 119
Receptor-associated
protein/Fibloblast cell
N/D 120 120
Concanavalin-A/Mannose 10000 47 121
40 15
20000 110
Anti-vascular endothelial gwowth
factorreeptor2 (anti-
VEGFR2)/VEGFR (on cell)
11700 33 123
Chitin binding module1/Chitin 20000 60
Chitin binding module2/Chitin 20000 90
10000 130
60000 130
Isomaltoheptaose/Dextransucras
e
N/D 80 126
CD44/P-selectin 30 40 127
Apamin/Smallconductance
channel channel (on cell)
24000 32 128
124
125
110
114
116
117
122
P-selectin/P-selectin glycoprotein
ligand 1
Vascular endothelial
cadherin/IgG
P-selectin/P-selectin glycoprotein
ligand 1
Fibrinogen/Pletelet integrin
receptor
Table 4. Interactive force between proteins or protein-molecule 
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The structure stability of proteins or cells is also main target of the 
force-distance curve measurement. Actually, the lysozyme was pulled via the 
cantilever and its Young’s modulus was estimated as 400 MPa in 1994.150 
For AFM evaluating the structure stability study, Ikai’s group has been 
reported the advanced research.151–153 Recently, the cantilever tensile 
experiments have been applied for the relationship between enzyme 
structure and enzyme activity,154 and the structure stability in a lipid.155 
Besides proteins, a cell stability or elasticity has been also evaluated via 
AFM.156–158 
 The characteristics of proteins or cells have been estimated 
Table 4. (continue) Interactive force between proteins or protein-molecule 
System Loading rate [pN/s] Force [pN] Reference
10000 40
800000 100
Potent cocain alalog/Setoronin
transporter (on cell)
N/D 64 130
P-factor/Mam2 (on cell) 1740000 120 131
500 17
500000 62
500 16
500000 57
Chitin binding module2/Cellulose 8000 72 133
Hemagglutinin/Anti-hemaggulutin 70000 62 134
Cellulose binding
module/Cellulose
4000 45 135
alpha-factor/Ste2p (on cell) 180000 250 136
IgG/Anti-IgG 11000 121
BSA/Anti-BSA 11000 185
Biotin/Streptavidin 11000 241
132
137
129T-cell CD28/B-cell CD80
Cellulose binding module
2/Cellulose
Cellulose binding module
3/Cellulose
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quantitatively via AFM. However, the future studies are required to 
challenge problems via bringing AFM methodology into the proteins or 
cells.159 For example, Yves, et al, proposed five challenges: cellular 
complexity defines analytical approach, define and overcome the limitations 
of current tools, establish standards and improve data quality, develop ways 
to treat and interpret complex cellular data, and sense multiple parameters 
simultaneously.159 AFM measurement system is required to overcome these 
challenges for a breakthrough. 
 
4. Constituent of this thesis 
 In this study, AFM force measurement was applied for 
selecting/sensing of nucleotides and detecting/mapping of cell-surface 
proteins.  
A short length nucleotide (referred to aptamer) has been expected as 
a novel sensor element. However, the selection was required to be many 
steps. The hydrogen bond between complementary nucleotides was used as 
the novel linker, and then the selection steps could be decreased. On the 
other hand, the aptamer sensor could be applied for the novel peptide 
sensing. In these studies, an interactive force was evaluated as an index, and 
we could improve data quality via the fitting analysis based on the 
algorithm. 
AFM has been progressed for imaging with high resolution. 
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However, a cell surface has various molecules. The specifically detection and 
evaluation is difficult via AFM as an imaging tool. So the interactive force 
measurement was applied for in situ detection and mapping cell surface 
proteins. The receptor and enzyme were targeted, and the difference in 
protein expression level could be imaged via mapping. Additionally, we could 
evaluate the dynamical parameters: force and distance, and the fitting 
analysis enabled to treat the complex cellular data on its surface. 
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Synopsis 
 
Chapter 1. Application for selecting and sensing of nucleotides. 
1-1. Simulation and modeling based evaluation of DNA 
stretching experiment via atomic force microscopy. 
 
AFM was applied for stretching of DNA, and a force and an extension 
was related via simulation and modeling based evaluation. In this study, the 
partially-complementary DNAs were stretched and evaluated: used the 
linear DNAs and the curve-structural DNAs. The linear DNA used 
experiment enabled to confirm the convulsively pulling force due to the van 
der Waals force, and the simple simulation via Hooke’s low. The 
curve-structural DNAs enabled to simulate via worm-like chain model. 
Therefore, we could firstly evaluate the DNA stretching experiment with the 
two kinds of DNA pair. 
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1-2. DNA-duplex linker for AFM-SELEX of DNA aptamer against 
human serum albumin. 
 
DNA-duplex interaction in thymines and adenins are used as the 
linker for the novel methodology of Atomic Force Microscope-Systematic 
Evolution of Ligands by EXponential enrichment (AFM-SELEX) 
methodology. In this study, the DNA-duplex interaction in 10 mer of 
thymines (T10) and that of adenines (A10) were used. At first, the interactive 
force of DNA-duplex interaction in T10-A10 could be measured by AFM, and 
then the average of interactive force was approximately 350 pN. Based on 
this result, DNA aptamers against human serum albumin could be selected 
in 4th round, and 58 different clones could be sequenced. The lowest 
dissociation constant of the selected aptamer was identified via SPR and it 
was the same as that of the commercial aptamer. Therefore, the specific 
DNA-duplex interaction in DNAs can be the useful linker for AFM-SELEX. 
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1-3. Screening and evaluation of aptamers against somatostatin, 
and sandwich-like monitoring of somatostatin based on atomic 
force microscopy. 
 
A sensing system was constructed to monitor the target peptide via 
two aptamer-based sensors pinching. First, aptamers against somatostatin 
(SST) were selected via the systematic evolution of ligands by exponential 
enrichment, and four aptamers were selected from a single-stranded DNA 
library. Their specificities to SST were evaluated via surface plasmon 
resonance and atomic force microscopy (AFM). Next, two aptamers with 
higher specificities to SST were used as aptamer-based sensors; one aptamer 
was modified with a chip, and the other was modified with a probe. Based on 
AFM system, the probe was surveyed on the chip in SST solutions, 
simultaneously measuring an interactive force. The label-free SST could be 
detected, and then the change in its concentration could be monitored at 
levels that ranged from 2 to 2000 nM. The interactive force of a single pair 
was approximately 45 pN, and the molecule number was associated with the 
interactive force. Therefore, we could firstly select the aptamers against 
somatostatin, and the sandwich-like monitoring system can be used to 
promote peptide sensor or monitoring system using an aptamer-based 
sensor. 
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1-4. Bear-trap sensing for peptides via split aptamers and atomic 
force microscopy. 
 
Split aptamers based aptasensor is applied for a peptide sensing 
using atomic force microscopy (AFM). The somatostatin (SST) is targeted as 
a model peptide. The aptamer against SST is split, and each part is 
chemically modified with a probe or a chip, respectively. The hybridized 
aptamer can detect a label-free SST and monitor the change in SST 
concentration from 0.2 nM to 2000 nM as an index of interactive force. 
Additionally, the statistically fitting analysis enables to clarify the difference 
in the hybridization and the interaction, and to estimate the number of SST. 
The proposed sensing system can promote a peptide sensing based on the 
aptasensor. 
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Chapter 2. Application for detecting and mapping of cell-surface 
proteins. 
2-1. Mapping of yeast’s G-protein coupled receptor with atomic 
force microscopy. 
 
An atomic force microscope (AFM) can measure the adhesion force 
between a sample and a cantilever while simultaneously applying a rupture 
force during the imaging of a sample. AFM should be useful in targeting 
specific proteins on a cell surface. The present study proposes the use of AFM 
to measure the adhesion force between targeting receptors and their ligands, 
and to map the targeting receptors. In this study, Ste2p, one of the G 
protein-coupled receptors (GPCRs), was chosen as the target receptor. The 
specific force between Ste2p on a yeast cell surface and a cantilever modified 
with its ligand, α-factor, was measured and found to be approximately 250 
pN. In addition, through continuous measuring of the cell surface, a mapping 
of the receptors on the cell surface could be performed, which indicated the 
differences in the Ste2p expression levels. Therefore, the proposed AFM 
system is accurate for cell diagnosis. 
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2-2. Mapping of endoglucanase displayed onto yeast cell using 
atomic force microscopy. 
 
Yeast cell surface has been an attractive interface for effectively 
using celluloses, however enzymes have been difficultly visualized and 
evaluated on the surface. In this study, two kinds of unique anchoring 
regions were used for displaying one of cellulase, endoglucanase (EG) on 
yeast cell surface. Differences in the display level and the localization of EG 
were observed by atomic force microscope. Surveying the yeast cell surface 
with the chemically modified cantilever, the interactive force between the 
cellulose and EG was measured. Force curve mapping revealed the 
difference in the display levels and the localization of EG by the anchoring 
regions. The propose methodology enables to visualize the displaying enzyme 
including EG on yeast cell surface. 
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Chapter 1. Application for selecting and sensing of nucleotides. 
 
1-1. Simulation and modeling based evaluation of DNA stretching 
experiment via atomic force microscopy. 
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Introduction 
 Atomic force microscopy (AFM) becomes one of powerful tools for 
evaluation of bio-molecules properties: viscoelasticity,1 tensile strength,2,3 or 
interaction.4 AFM was developed for imaging an insulator with the probe 
(referred to cantilever) surveying,5 and then AFM could be applied for 
imaging in liquid condition.6 Since then, many bio-molecules were surveyed 
in liquid for maintaining their activities while AFM performing.  
 Macromolecules, including bio-molecules such as DNAs, proteins, 
and glycoproteins, generally form into some structure, for example, a double 
helix or a sphere. The thermodynamics, such as intermolecular forces or 
surrounding environment, define their structures that can be taken. These 
structures can be relaxed and expanded when they are pulled via the 
external force.7,8 AFM has been applied for stretching these macromolecules. 
At first, the ends of a target molecule are modified with a cantilever and a 
sample stage, respectively. While the cantilever retracts, the target molecule 
is continuously pulled, and then the retract distance and force could be 
measured and indicated some typical value or change in fracturing the 
structure or the domain structures. In some cases of controlling the pulling 
rate, the step-by-step fracture of domains could be confirmed as the 
multi-step curve in force-distance curve. 
 Models of macromolecule fracture have been proposed: freely jointed 
chain model9 or worm-like chain model.10 The freely jointed chain model is 
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based on two hypotheses: all bond lengths are the same, and the directions of 
bond angles are no correlated. The ideal chain can be represented via the 
freely jointed chain model.11 On the other hand, the worm-like chain model is 
more widely described for the behavior of macromolecules. The worm-like 
chain model can be represented for many macromolecules that is 
continuously flexible, such as double-stranded DNA12 or unstructured 
polypeptides.13 
 In this study, the partially-complementary DNAs were stretched via 
AFM, and these stretching experiments are evaluated via simulation or 
modeling. First, the linear DNAs (10-mer or 35-mer) are modified to the 
cantilever or the sample stage, respectively. When the cantilever approach to 
the sample stage, the complementary DNAs can interact. In this process, the 
convulsively pulling due to the van der Waals force could be confirmed. In 
retract process, the extension and the force could be simply simulated via 
Hooke’s low. Second, the used DNAs were prepared via splitting the 
curve-structural DNAs to 2 parts (42-mer and 53-mer). The split DNAs were 
modified to the cantilever or the sample stage, respectively. In the approach 
process, the convulsively pulling due to the van der Waals force could not be 
confirmed. In retract curve, the multi-step curve could be confirmed and 
simulated via the worm-like chain model. Therefore, we could firstly 
evaluate the DNA stretching experiment with the two kinds of DNA pair. 
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Material and method 
Chemicals and buffers 
The linker chemical, 3,3’-Dithiobis[sulfosuccinimidylpropionate] 
(DTSSP) were purchased from Pierce (MO, USA). The base pairs of 
amino-T10, amino-A35, and amino-A10 were purchased from Nacalai Tesque 
(Kyoto, Japan)  
The phosphate buffered saline (PBS; 8 g/L sodium chloride, 0.2 g/L 
potassium chloride, 1.44 g/L sodium hydrogen phosphate, and 0.24 g/L 
potassium phosphate) was mainly used for the reaction buffer. The folding 
buffer (50 mM Tris-HCl, 300 mM NaCl, 30 mM KCl, and 5 mM MgCl2, pH 
7.6) was mainly used for wash. The Tris-EDTA buffer (TE buffer; 10 mM 
Tris-HCl, 1 mM EDTA, pH 8.0) was mainly used for dissolution of PCR 
products. 
 
Interactive force between linear DNA-pairs 
The silicon cantilever coated with gold (Olympus Co. Ltd., Tokyo, 
Japan, BL-RC150VB-HW, spring constant: 0.03 N/m) was modified with 10 
mer adenines (A10). This modification was performed with the previously 
reported method.14 In briefly, the cantilever was modified with DTSSP in 20 
mM sodium acetate (pH 4.8) for 30 min. Then, the succinimide-modified 
cantilever was dipped in 100 µL of 100 µM amino-T10 or amino-A10 in PBS 
for 1.5 h, respectively. Finally, in order to block the unreacted succinimide, 
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the cantilever was washed with folding buffer, respectively. On the other 
hand, the gold chip is modified with 35 mer of adenines (A35) via the same 
method.  
A SPA400-Nanonavi AFM unit (Hitachi High-Tech Science, Tokyo, 
Japan) was used and all measurements were performed in the folding buffer. 
Force curves were recorded at a dwell time of 10 ms. Topographic images 
were captured at 64 by 64 pixels resolution with a scan size of 1 µm by 1 µm.  
 
Interactive force between curve-structural DNA-pairs 
 The silicon cantilever gold coated (Olympus Co. Ltd., Tokyo, Japan, 
BL-RC150VB-C1, spring constant: 0.006 N/m) was modified with the same 
method as the linear DNA. The used DNAs were prepared via splitting 
95-mer nucleotides to 2 parts: the 5’-end part includes between C1 and A42, 
the 3’-end part includes between C43 and A95 (Table 1). The interactive force 
was measured with the same method as the short length. The 3’-end part 
was modified to the gold chip, and the 5’-end part was modified to the 
cantilever. 
 
Simulation of worm-like chain model 
 The stretch experiment of soft material, such as polymer, was 
simulated as the worm-like chain model. The worm-like chain model is the 
relation between the elongation length and the force, and it stated as, 
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𝐹 𝑥 = !!!! !! !!!! ! − !! + !!  (Eq. 1) 
where kB is the Boltzman constant, T is the temperature (300.15 K in this 
study), p is the persistence length, x is the extension, and L is the molecular 
contour length. The persistence length is the value related to the material 
softness. In this study, the force and the elongation were calculated from the 
results, and then the molecular contour length was fitted via the 
least-square method. 
 
Simulation of DNA secondary structure 
The secondary structure of DNA was predicted via the mfold web 
server (http://unafold.rna.albany.edu/?q=mfold/dna-folding-form). 
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Result and discussions 
Imaging of surface 
 Force was measured with simultaneously imaging a surface. 
Actually, the difference of surface was little between the surfaces of gold 
vapor-deposited film on a glass modified without (Fig. 1A) and with T35 (Fig. 
1B). Each arithmetic average roughness was approximately 0.8797 nm (Gold 
chip; Fig. 1A) or approximately 0.7894 nm (A35; Fig. 1B). As a result, the 
roughness could not be avoided via the gold vapor-deposited film coating, 
however the A35 modification enabled to make the surface flat, especially 
the groove was assumed to fill. Actually, each lowest position was -5.670 nm 
(Gold chip; Fig. 1A) or -3.845 nm (A35; Fig. 1B). Based on these results, the 
interactive force measurements were performed. 
 
  
Figure 1. Topographies of gold vapor-deposited film on glass modified (A) without and 
(B) with T35. 
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Interactive force measurement system 
The interactive force was measured via a force-distance curve. Each 
curve consists of 512 data plots. In an approach curve, when the cantilever 
approaches near a sample surface, the cantilever is generally pulled via van 
der Waals force.15,16 When the thymine-modified cantilever was surveyed on 
the adenine modified gold chip, the approach curve also indicated the pulling 
point (Fig. 2 inlet). After that, the cantilever is touched and then the 
cantilever is pressed a sample surface down so that the push length of 
cantilever is 50 nm. 
 
 
Figure 2. Approach curve of A35-T10 
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The force-distance curves of retract process has a minimum value 
only when the molecule and molecule interacts at the tip of cantilever. 
Actually, the interaction between thymine and adenine could be detected as 
a minimum value (Fig. 3A). Then, the interactive force is calculated as a 
difference between a minimum force and an average force of last 64 points 
(Fig. 3B). Additionally, an extension is calculated as a difference between a 
distance of a minimum force and a standard point. A standard point is 
defined as a plot of the same force of average force of last 64 points (Fig. 3B). 
 
 
  
Figure 3. Approach curve (blue) and retract curve (red) of A35-T10. (A) Result and (B) 
definitions 
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 Some force-distance curves were indicated in Fig. 4. The blue line is 
the approach curve and the red line is the retract curve. All approach curves 
indicated the pulling points via van der Waals force. Some retract curves 
were assumed to indicate a multi-step, especially in the case of high 
interactive force, because some molecules pair rupture in a step-by-step 
manner. However, a multi-step curve could not be confirmed in 400 curves. 
The multi-step curves were assumed to confirm in the case of a slower 
loading rate. 
 
 
 
Figure 4. Approach and retract curves in the case of (A) 221 pN, (B) 494 pN, (C) 776 pN, 
(D) 1189 pN, (E) 1988 pN, (F) 2367 pN, (G) 2909 pN, and (H) 3564 pN. 
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Simple modeling of relation between an interactive force and an 
extension: hard material of linear DNAs 
 The interactive force and extension were plotted in Fig. 5. The 
relation between an interactive force and an extension indicate the linearity. 
The plots could approximate the line of Hooke’s law. The spring constant, 
which is the slope of line, was approximately 0.03 N/m. This is the same as 
the spring constant of cantilever. So the measurement system could be 
basically simulated via Hooke’s law and only the spring constant of 
cantilever. 
 
  
Figure 5. 400 plots of extension-force 
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Modeling of macromolecular property: soft material of 
curve-structural DNAs 
 The curve-structural DNA was assumed to be softer than the linear 
DNA, so the physical property of curve-structural DNA was assumed to be 
difference. Actually, two difference points were confirmed in major 
force-distance curves (Fig. 6A). First, in the approach curve, the pulling point 
was not confirmed. The stretch of DNA is assumed to setoff the pulling via 
van der Waals force, so the cantilever is not pulled expressly. Second, major 
retract curves were multi-steps. This multi-step curve was assumed to due to 
the step-by-step structural deformation. The macromolecules, including the 
curve-structural DNA, generally form some secondary structure or tertiary 
structure. These structures are probably deformed via stretching of AFM 
experiment. In this study, the step-by-step structural deformation was 
evaluated and simulated via the worm-like-chain model. 
 The molecular contour length is the most important value in the 
worm-like chain model. The extension was calculated via the same method 
as the case of the linear DNA, and then the molecular contour length was 
simulated via the least-square method. One of results was indicated in Fig. 
6B. Three functions could be fitted and each molecular contour length was 
7.50 nm, 15.1 nm, 21.0 nm and 44.8 nm, respectively. The origin of these 
molecular contour lengths was attributed to the predicted structure. 
 The model validity was evaluated via DNA structure simulation.  
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The length of linear DNA (10-mer) was estimated as 7.14 nm, as follows. The 
double-helix DNA was regarded as a ribbon winding a cylinder.17 The DNA 
ribbon winds as the unit of 10-mer, and the values of the unit cylinder were 
proposed as follow: the diameter was 2.00 nm and the height was 3.40 
nm.18,19 As a result, the length of ribbon was calculated as 7.14 nm, so this 
length was supposed to be the length of 10-mer linear DNA. The linear DNA 
length was regarded as the proportion depending on the number of 
nucleotides. This simulation ignores the nucleobase difference or the counter 
ion effect for the simple calculation. The hair-pin 1 (between T86 and A95; in 
Fig. 6C) was assumed to be firstly stretched, because this bulge-loop was the 
nearest to the gold chip. Additionally, the hair-pin 1 was possibly the 
weakest, because it is formed via two hydrogen bonds of nucleotide pair. The 
hair-pin 1 is 10-mer, so the length of 10-mer linear DNA was expected as 
7.14 nm. This length is consistent to the molecular contour length of first 
function in the worm-like chain model. Similarly, the hair-pin 2 (between 
C72 and T86) is 15-mer, and then its length was estimated as 10.71 nm. This 
length is consistent to the molecular contour length of second function. The 
bulge-loop 1 (between A42 and T59) was ignored, because the DNA-pair 
linker region (G30-A42 and T59-C71) locates between the DNA-modification 
region (C1 and A95) and this bulge loop. The hair-pin 3 (between C1 and 
G30) was then considered, and its linear length was estimated as 21.42 nm. 
This length is consistent to the molecular contour length of third function. 
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Finally, the molecular contour length of fourth function was difficultly 
originated via the structure-based evaluation. The result plots of the 
extension of 15 nm attributed to both third function and fourth function, and 
the result plots of the extension of 22 nm was supposed to be the force near 0 
pN. So the fourth function is difficultly identified to the structural origin. 
Actually, the regions besides the hair-pin 1 and hair-pin 2 were 70-mer, and 
its linear length was estimated as 49.98 nm. This linear length was little 
more than the molecular contour length. In this study, the identification was 
difficult. However, the results plots of fourth function indicated multi-step. 
This is probably because the hydrogen bond of linker region ruptured 
step-by-step. 
 Therefore, the DNA stretching experiment could be simulated via 
the worm-like chain model. Single polymer stretching experiments have 
been simulated, however the split polymer stretching experiment is firstly 
reported. 
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Figure 6. (A) Typical approach and retract curve (B) Plot of extension-force (C) The 
predicted secondary structure of used DNA. The arrow bond is the splitting point. 
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Modeling and simulating tasks 
The surface area is one of important factors for interactive force 
measurement with AFM. Actually, some models of surface area, which 
accommodate a deformation, have been proposed: Hertz theory or 
Johnson-Kendall-Roberts theory. However, these theories are based on an 
ideal elastic sphere. So a colloidal probe measurement is more suitable than 
conventional probes, which is a pyramid shape and made from silicon nitride. 
Additionally, these theories cannot be applied for elastic spheres contact, for 
example, a colloidal probe and a microbial cell. In the future study, a 
colloidal probe based measurement must be experimentally performed, and 
the theories must be optimized, based on this research. 
 
Conclusions 
 This research enabled to evaluate the DNA stretching experiments 
with two kinds of DNA pairs: the linear DNA and the curve-structural DNA. 
In the case of the linear DNA, the pulling phenomenon via van der Waals 
force could be confirmed and the relation between the extension and the 
measured force could be explained via Hooke’s low. On the other hand, in the 
case of curve-structural DNA, the pulling phenomenon could not be 
confirmed. This is assumed to due to the structural allowance. Additionally, 
the structure fracture could be evaluated via modeling and its validation was 
evaluated via DNA structure simulation. 
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Chapter 1. Application for selecting and sensing of nucleotides. 
 
1-2. DNA-duplex linker for AFM-SELEX of DNA aptamer against human 
serum albumin. 
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Introduction 
Methods for the selection of a DNA aptamer have been developed for 
use as biosensors or in medicines1–3. An aptamer includes DNA or RNA 
molecules and specifically interacts with corresponding molecules such as 
organic compounds, peptides and proteins4,5. The in vitro selection of an 
aptamer is referred to as the Systematic Evolution of Ligands by 
EXpotential enrichment (SELEX)6. In this methodology, DNA aptamers are 
screened from a randomized oligonucleotide pool, and then the selected 
aptamers are amplified by PCR. Repetition of these processes can yield a 
desired aptamer. Additionally, affinity screening enables the efficient 
selection of aptamers via the use of atomic force microscope (AFM)7,8, which 
is called AFM-SELEX.  
The AFM-SELEX methodology uses a cantilever to chemically 
modify DNA aptamers or target molecules, and then affinity screening is 
performed via a survey of the cantilever. The substrate is also chemically 
modified via a linker molecule. Therefore, this linker molecule plays a key 
role in decreasing or controlling the number of rounds. In the present study, 
we propose a novel type of AFM-SELEX methodology wherein a DNA-duplex 
linker would enable efficient selection. 
 In the proposed AFM-SELEX methodology, DNA-duplex 
interactions in thymines and adenines are used as the linker. The DNA 
aptamers are modified on a gold chip with 35-mer of adenines (A35) and 
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10-mer of thymines (T10) (Fig. 1A). On the other hand, the cantilever is 
modified with the target protein, human serum albumin (HSA) (Fig. 1B). 
The aptamers can only be selected when the interactive force of the 
aptamer-HSA is larger than that of A35-T10 (Fig. 1C). At that point, the 
selected aptamers are used as the selected pool after the PCR and the 
asymmetric PCR are amplified (Fig. 1D). 
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Figure 1. Illustrations of the proposed SELEX process. (A) Two ssDNAs were 
linked via DNA-duplex interactions in A35 and T10. (B) Cantilever is modified 
with a targeted protein. (C) Competition of interactive forces enables to select 
the desired aptamer (D) AFM-SELEX system: the initial pool or selected pools 
are amplified through PCR and biotinylated via asymmetric PCR. Then, the 
PCR products are used for AFM-SELEX after avidinated gel purification and 
cleaving via sodium hydroxide. 
 67 
Material and methods 
Chemicals and buffers 
The linker chemical, 3,3’-Dithiobis[sulfosuccinimidylpropionate] 
(DTSSP) were purchased from Pierce (MO, USA). The base pairs of 
amino-T10, amino-A35, and amino-A10 were purchased from Nacalai Tesque 
(Kyoto, Japan)  
The phosphate buffered saline (PBS; 8 g/L sodium chloride, 0.2 g/L 
potassium chloride, 1.44 g/L sodium hydrogen phosphate, and 0.24 g/L 
potassium phosphate) was mainly used for the reaction buffer. The folding 
buffer (50 mM Tris-HCl, 300 mM NaCl, 30 mM KCl, and 5 mM MgCl2, pH 
7.6) was mainly used for wash. The Tris-EDTA buffer (TE buffer; 10 mM 
Tris-HCl, 1 mM EDTA, pH 8.0) was mainly used for dissolution of PCR 
products. 
 
Interactive force between nucleotide-pairs 
The silicon cantilever coated with gold (Olympus Co. Ltd., Tokyo, 
Japan, BL-RC150VB-HW, spring constant: 0.03 N/m) was modified with 
either 10-mer of thymines (T10) or 10-mer of adenines (A10). This 
modification was performed with the previously reported method8. In briefly, 
the cantilever was modified with DTSSP in 20 mM sodium acetate (pH 4.8) 
for 30 min. Then, the succinimide-modified cantilever was dipped in 100 µL 
of 100 µM amino-T10 or amino-A10 in PBS for 1.5 h, respectively. Finally, in 
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order to block the unreacted succinimide, the cantilever was washed with 
folding buffer, respectively. On the other hand, the gold chip is modified with 
35 base pairs of adenines (A35) via the same method.  
A SPA400-Nanonavi AFM unit (Hitachi High-Tech Science, Tokyo, 
Japan) was used and all measurements were performed in the folding buffer. 
Force curves were recorded at a dwell time of 10 ms. Topographic images 
were captured at 64 by 64 pixels resolution with a scan size of 1 µm by 1 µm. 
The interactive forces were measured at 4096 data points, and then these 
interactive forces were charted to a histogram. 
 
AFM-SELEX of DNA aptamer against HSA 
 First, DNA aptamers against HSA were selected, based on the 
previously reported method8. In the 1st round, a synthetic DNA 
oligonucleotide (95-mer) library with 50 random nucleotide  (N50) 
sequences was amplified over 15 cycles of PCR (95 oC, 15 s; 55 oC, 15 s; 68 oC, 
30 s) using primers P1 and P2 (Table 1). The PCR product was dissolved in 
50 µL of 20 mM TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) after gel 
filtration. Then, a biotinylated dsDNA library was prepared as follows. The 
dsDNA was amplified via the same method using the primers P1 and P3 
(Table 1). The PCR product was dissolved in 50 µL of 20 mM TE buffer after 
gel filtration. In the 1st, 2nd, and 3rd rounds, the ssDNA pool was prepared via 
column chromatography to use a streptavidin-modified column and 200 µL of 
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0.15 M sodium hydroxide. After that, the column-purification product was 
dissolved in 120 µL of the folding buffer.  
In each round, the cantilever was modified with 100 µL of 1 mg/mL 
HSA for 1.5 h using the same method for the modification of nucleotides. On 
the other hand, the gold chip was modified using 100 µL of the 4 µM ssDNA 
pool solution for 1.5 h. First, the interactive force between HSA and ssDNA 
was measured, then five topographic images were captured at a resolution of 
256 by 256 pixels with a scan size of 5 µm by 5 µm and a dwell time of 20 ms. 
After force curve measuring and scanning, the ssDNA-bound cantilever was 
washed with 10 mL of folding buffer containing 0.01% Tween20. Then, to 
elute ssDNAs onto the cantilever, it was dunked in 100 µL TE buffer 
containing 1% DMSO, followed by incubation at 96 oC for 5 min and on ice for 
5 min. The eluted ssDNAs were precipitated using ethanol dissolved in 100 
µL of 20 mM TE buffer for the ssDNA library. 
 
Table 1. Sequences of used primers 
DNA oligonucleotide library sequence: 
5’-CAGCTCAGAAGCTTGATCCTGTG-(N50)-GACTCGAAGTCGTGCATCTGC
A-3’ 
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DNA Sequence and dissociation analysis 
After the 4th round, the ssDNAs were amplified by PCR using the P1 
and P2 primers, and were cloned into Escherichia coli using a TA cloning kit 
for DNA sequencing. Plasmid DNAs were prepared from 15 different clones, 
and were isolated via DNA miniprep. DNA sequencing was carried out using 
an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems, CA, USA) and 
a BigDye-terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), 
according to the manufacturer's protocol.  
The purified ssDNAs were analyzed with a Biacore3000 instrument 
at 25 oC using reagents and a research-grade Biacore CM5 sensor chip 
(carboxymethylated dextran surface) from GE Healthcare Japan, Ltd. 
(Tokyo, Japan). On the other hand, the sensor chip was modified with HSA 
via amine coupling following a standard protocol.9 For amino coupling, 300 
µL of 1 mg/mL HSA in 200 mM acetate buffer (pH 4.8) was injected twice at 
a flow rate of 5 µL/min. Typically; about 11 ng/mm2 of HSA was immobilized. 
To evaluate the affinity of selected aptamers, 20 µL of each aptamer was 
injected at a flow rate of 5 µL/min. Then, 5 µL of 0.04 mol/L sodium acetate 
buffer was injected at a flow rate of 20 µL/min for recovery of the chip. To 
analyze the dissociation constants, the experimental data were subtracted 
from the reference data, which was measured via a chip modified with 
ovalbumin. Finally, 15 samples of aptamers could be evaluated. 
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Evaluation of the stability for DNA-duplex formation 
 The parameter of thermodynamic stability was analyzed based on 
the following equation,10,11 
Δ𝐺!∘ = Δ𝐻∘ − 𝑇Δ𝑆∘ (Eq 1) 
where Δ𝐺!∘  is Gibbs free energy at the temperature 𝑇 , and the 
thermodynamic parameters of Δ𝐻∘ and Δ𝑆∘ in DNA-duplex formation were 
reported.10 However, the duplex initiation parameters are difference, 
because the duplex initial interaction includes the decrease in entropy and 
the unfavorable change in free-energy.11 So the parameter of thermodynamic 
stability of DNA-duplex was analyzed by the following equation in this 
study, 
Δ𝐺!∘ = Δ𝐻!"#∘ − 𝑇Δ𝑆!"#∘ + Σ(Δ𝐻∘ − 𝑇Δ𝑆∘) (Eq 2) 
 Then, the dissociation constant, 𝐾!, was calculated by the following 
equation in this study, 
𝐾! = !!! = !!!!!!∘ !" (Eq 3) 
 Actually, the DNA-duplex interaction in only adenine and thymine 
in this study, so these values were used: Δ𝐻!"#∘ = 0.8 (kJ/mol), Δ𝑆!"#∘ = −23.4 
(J/(K*mol)), Δ𝐻∘ = −33.1 (kJ/mol), Δ𝑆∘ = −93 (J/(K*mol)) (the buffer 
condition of 1 M NaCl at 37 oC).11 
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 Additionally, the counter ion effects on a DNA-duplex stability. The 
equation to include the counter ion effect was estimated in the case of 1 M 
and 100 mM NaCl as follow: 
Δ𝐺!"∘  100 𝑚𝑀 = 0.630Δ𝐺!"∘ 1 𝑀 − 1.667 (Eq 4) 
where this equation was estimated at 37 oC.10 However, the decrease in 
counter ion concentration results in the decrease of free energy. As a result, 
the dissociation constant increases. 
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Results and Discussion 
Interactive force between nucleotide-pairs 
 The interactive forces were measured with simultaneously imaging 
a surface (Fig. 2). The difference was evaluated between the gold 
vapor-deposited film on a glass (Gold chip; Fig. 2A) and A35 modified gold 
chip (Fig. 2B). Each arithmetic average roughness was approximately 0.8797 
nm (Gold chip; Fig. 2A) or approximately 0.7894 nm (A35; Fig. 2B). As a 
result, the roughness could not be avoided via the gold vapor-deposited film 
coating, however the A35 modification enabled to make the surface flat, 
especially the groove was assumed to fill. Actually, each lowest position was 
-5.670 nm (Gold chip; Fig. 2A) or -3.845 nm (A35; Fig. 2B). Based on these 
results, the interactive force measurements were performed. 
The specificity of the interaction in adenines and thymines was 
confirmed based on the comparison of interactive force (Fig. 3B). The 
interactive force of DNA-duplex interactions in A35-T10 was approximately 
6-fold larger than in A35-A10. On the other hand, the distribution of 
interactive forces of DNA-duplex interactions in A35-T10 was broader than 
the expectation (Fig. 3C), and the distribution of interactive forces of 
DNA-duplex interactions in A35-A10 was sharp (Fig. 3D). 
The interactive force of the single pair (A35-T10) was confirmed via 
algorithmically analysis of the Levenberg-Marquardt iteration simplex12. 
The broad distribution in A35-T10 possibility results from the multi pairs. 
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The histograms were analyzed via the software, Fityk (version 0.9.8, 
http://fityl.nieto.pl), and the summation of Gauss-functions was optimized to 
the obtained histogram (Fig. 4A). The average of each Gauss-function was 
proportionally depending on the number of function (Fig. 4B). As a result, 
the lowest average force of 350 pN is assumed to be the interactive force of 
single pair (A35-T10). Previously, the interactive force of A1-T1 was reported 
to be approximately 54 pN, and the interactive force proportionally increases 
depending on the number of pairs13. Following this result, the interactive 
force of A35-T10 was expected to be 540 pN in the case of binding A10 and 
T10. However, only a part of thymines, such as 7 base pairs, were assumed 
to actually interact with high probability. Therefore, an aptamer could be 
selected if the interactive force of aptamer and a targeted protein is over 350 
pN. We propose the novel AFM-SELEX methodology that the DNA-duplex 
interactions in thymines and adenines enabled to efficiently select some 
aptamers. 
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Figure 2. Three-dimensional figures of (A) Gold vapor-deposited film on glass (gold chip) 
and (B) 35-mer thymine modified gold chip. 
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Figure 3. Interactive forces of DNA-duplex interaction in the nucleotides. (A) 
Illustration of experiments: the gold chip was modified with A35. Cantilevers were 
modified with T10 or A10, respectively. (B) Average interactive forces of A35-T10 
and A35-A10, respectively. Error bars indicate the standard deviations of three 
independent experiments. (C) Typical histogram of interactive forces of A35-T10. 
(D) Typical histogram of interactive forces of A35-A10. 
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Figure 4. Analysis of interactive forces of the single pair (A35-T10). (A) Histogram 
result was fitted with Gauss-functions via Levenberg-Marquardt algorithm. Gray 
bar was the histogram of T10-A35. Straight lines were the curves of 
Gauss-functions. Broken line was the curve of the composite function of 
gauss-functions. (B) The average (m) of each Gauss-function per the number of 
function. Error bars indicate the standard deviations of three independent 
experiments. 
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AFM-SELEX of DNA aptamer against HSA 
The typical histograms in each round were indicated in Fig. 5. In 1st 
round, the number of interactive force below 100 pN was clearly the most of 
all rounds (Fig. 5A). In 2nd round, the number of high interactive force points 
increased (Fig. 5B), because the aptamers specifically binding to HSA were 
selected in 1st round. In 3rd and 4th round, the number of high interactive 
force points increased more than in 2nd round (Fig. 5C and D). However, the 
significant difference was not confirmed between 3rd round and 4th round. 
The averages of interactive forces were calculated in all rounds (Fig. 5E), 
respectively. The average of interactive force increased from 1st round to 3rd 
round, and then the average of interactive force in 4th round was the same as 
in 3rd round. The counts stacked over 350 pN were also stationary in 4th 
round (Fig. 5F). So the aptamers could be selected in 4th round. 
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Figure 5. Histograms of interactive forces in (A) the 1st round, (B) the 2nd round, 
(C) the 3rd round, and (D) the 4th round. (E) Average interactive force in each 
round. (F) Stacked counts in each round over 350 pN. Error bars indicate the 
standard deviations of three independent experiments. 
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DNA Sequence and dissociation analysis 
The aptamer (Table. 2) has the lowest dissociation constant, and 
SPR curve of this aptamer is indicated (Fig. 6). As a result, the aptamer 
significantly bound to HSA. About parameters, Rmax was 55 RU and the 
dissociation constant was approximately 72 nM. The aptamer against HSA 
is commercially available (Base Pair Biotechnologies, Houston, TX), and its 
dissociation constant is 29.1 nM although it is selected from different 
fragment length of 40-mer libraries. The dissociation constant of the 
obtained aptamer was a little higher than that of the commercial aptamer. 
The dissociation constant of DNA-duplex interactions in A10-T10 
was estimated as 313 nM (the buffer condition:1 M NaCl, 37 oC) and 79.8 
mM (the buffer condition: 100 mM NaCl, 37 oC). The thermodynamical 
parameters (entropy and enthalpy) were assumed to be nearly the same in 
27 oC and 37 oC, the dissociation constant was estimated as 173 nM (the 
buffer condition:1 M NaCl, 27 oC) and 55.0 mM (the buffer condition: 100 
mM NaCl, 27 oC). Compared with these results, the dissociation constants of 
the obtained aptamers were less than these constants. Therefore, the 
aptamer-HSA interactions could be stabilized more than the DNA-duplex 
interaction. 
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Table 2. Sequences of the HSA aptamer 
The sequence possesses the P1 and P2 sequences in the upstream and 
downstream of random region, respectively 
Figure 6. Typical SPR curves of the selected aptamers. The 
concentration of aptamer was 1 mM. As a control, ovoalbumin was 
used. 
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Conclusion 
 The DNA-duplex interactions of DNAs could be efficiently selected 
the desired aptamer against HSA in 4th round of AFM-SELEX. Additionally, 
the interactive force of DNA-duplex interactions in T10-A10 was 
approximately 350 pN in increment of single pair. As a result, this force is 
probably optimum force for selecting the desired aptamer against HSA. The 
adjustment of the number of the linker DNAs will enable to efficiently select 
a desired aptamer against a target molecule. Further study should be 
required to adjust the number of linker DNAs, and the proposed 
AFM-SELEX methodology will be the efficient methodology. 
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Chapter 1. Application for selecting and sensing of nucleotides. 
 
1-3. Screening and evaluation of aptamers against somatostatin, and 
sandwich-like monitoring of somatostatin based on atomic force microscopy. 
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1. Introduction 
 Detecting and monitoring peptides is required for evaluation or as 
an assurance of quality in various research fields such as food handling1 and 
therapeutic biological evaluation.2 Peptides generally contain approximately 
50, or fewer, amino acids, and some peptides serve as hormones that exert 
control over biological functions.3–7 For example, somatostatin (SST) 
regulates the endocrine system and inhibits the release of growth hormones, 
4,6 and angiotensin (AGT) causes an increase in blood pressure via the 
renin-angiotensin-aldosterone system.5,7 Although their functions are 
important for a living body, few tools have been developed for their detection 
and monitoring in vitro. For example, liquid chromatography/mass 
spectrometry (HPLC/MS) has been mainly used for the sensing or 
monitoring of peptides.8,9 The HPLC/MS method requires multiple analysis 
steps, and a bio-analytical method such as the use of biosensors is highly 
desirable.10,11 
 Aptamer technology has been applied in the use of biosensors and in 
drug development. Aptamers are single-stranded nucleic acids that contain 
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between 30 and 70 nucleotides, and they can generally interact with high 
specificity to a wide variety of target molecules.12 The most effective way to 
in vitro select a highly specific aptamer is referred to as the Systematic 
Evolution of Ligands by EXponential enrichment (SELEX).13–16 SELEX 
consists of an iterative process of screening from an oligonucleotide pool 
followed by an amplification of the screened aptamers. Once they are 
selected, aptamers can be used as biotechnological tools in processes such as 
cancer chemotherapy17,18 and as electronic sensors.19,20 For example, an 
aptamer-based sensor (referred to aptasensor) has been used to detect chiral 
peptides via an electrochemical method.20 However, an aptasensor for 
peptides is still in the early stages of development, and is used mainly as an 
electrochemical sensor. The various uses of these sensors for evaluation will 
require novel methodologies. 
Aptasensors have been applied to molecular sensing via atomic force 
microscopy (AFM). AFM has progressed as a method for topographical 
imaging via a probe (referred to as a cantilever),21 and has also been used to 
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measure interactive force via probes modified with biomolecules.22–24 
Previously, AFM sensing systems have combined an aptamer-modified 
cantilever with a target protein-labeled chip.22 Based on this reported 
methodology, a novel AFM sensing method has been proposed to detect and 
monitor a label-free peptide. 
The methodology proposed in the present study was focused on 
targeting SST as a model peptide. An aptamer against SST was selected 
from a single-stranded DNA (ssDNA) library via SELEX, and then the 
specificities of the aptamers were evaluated via surface plasmon resonance 
(SPR) and AFM. Then, either the cantilever or the chip was modified with 
two types of aptamers that were highly specific to SST. As the aptasensors, 
these aptamers were modified with the cantilever or the chip. Interactive 
force measurement could be performed in a SST solution. Then, the 
interactive forces can be indexed for monitoring the change in SST 
concentration. The overall average interactive force was correlated with the 
level of SST concentration, and statistical fitting analysis enabled an 
estimation of the SST number. Therefore, the sandwich-like monitoring 
system based on AFM should enhance peptide sensing or monitoring. 
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2. Material and methods 
2.1 Reagents, buffers, and cantilever 
 Dithiobis[sulfosuccinimidylpropionate] (DTSSP) and SM-(PEG)12 
were purchased from Pierce (Missouri, USA).  N-hydroxysuccinimide (NHS) 
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 
were purchased from GE Healthcare Japan Ltd. (Tokyo, Japan). The 
peptides, SST and AGT, and streptavidin from Streptomyces avidinii were 
purchased from Sigma-Aldrich Japan (Tokyo, Japan). Other chemicals were 
purchased from Nacalai Tesque (Kyoto, Japan).  
Folding buffer (50 mM Tris-HCl, 300 mM NaCl, 30 mM KCl, 5 mM 
MgCl2, pH 7.6), Tris-EDTA buffer (TE; 10 mM Tris-HCl, 1 mM EDTA), 
phosphate buffered saline (PBS; 100 mM phosphate, 150 mM NaCl, pH=7.5), 
Tris-borate-EDTA buffer (TBE; 10.8 g/L Tris, 0.002 M EDTA, 5.5 g/L Boric 
acid) were used as a wash or a measurement solution. 
 A gold-coated silicon cantilever (Olympus Co. Ltd., Tokyo, Japan, 
BL-RC150VB-C1, spring constant: 0.006 N/m) was used in all experiments. 
 
2.2 Selection of the aptamers against SST 
 The aptamers against SST were selected based on previously 
reported methods.25,26 A double-stranded DNA (dsDNA) library was 
prepared as follows. In brief, a synthetic DNA oligonucleotide (95 mer) 
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library with 50 random nucleotide (N50) sequences was amplified over 20 
cycles of PCR (95 oC, 15 s; 55 oC, 15 s; 68 oC, 30 s) using primers of P1 and P2 
(Table 1). The dsDNA library used in the 1st round was prepared via the 
purification of DNA oligonucleotides of 80 to 110 bp. 
A biotinylated ssDNA library was prepared as follows. The dsDNA 
library was amplified over 20 cycles of PCR (95 oC, 15 s; 55 oC, 15 s; 68 oC, 30 
s) using primers of P1 and P3 (Table 1). Then, the amplified dsDNA library 
was purified as follows. An avidine-modified column was prepared via the 
addition of 100 µL of streptavidine sepharose to a microspin column (GE 
Healthcare Japan Ltd.). The amplified dsDNA library was reacted in the 
avidine-modified column for 30 min. The column was then washed four times 
with a folding buffer followed by reacting 200 µL of 0.15 M NaOH for 5 min. 
The ssDNAs in the column were eluted and the biotinylated ssDNA library 
was neutralized via 200 µL of 0.15 M HCl. Finally, the concentration of 
biotinylated ssDNAs was adjusted to 2 µM. 
 
 
 
Primer Sequence 
P1 5'-CAGCTCAGAAGCTTGATCCTGTG-3' 
P2 5'-TGCAGATGCACGACTTCGAGTC-3' 
P3 5'-biotin-TGCAGATGCACGACTTCGAGTC-3' 
Table 1. Sequences of the used primers 
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An aptamer that would specifically bind to SST was selected via a 
SST-modified gel, as follows. First, the SST-modified gel was prepared by 
adding NHS gel to a chromatography column (GE Healthcare Japan Ltd.). 
The column was then washed three times with 10 mL of 1 M HCl. Then, 1.5 
mL of 1 M HCl was left in the column, and 500 µL of a 2.5 mg/mL SST 
solution in PBS was added to the column. After reaction, the solution was 
poured out, and 1 M Tris-HCl was reacted to block the unreacted NHS. The 
column was washed with 50 mL of the folding buffer, and then 2 mL of the 
folding buffer was added. The aptamer that specifically interacted with SST 
could then be selected via SELEX. The SST-modified gel was added into the 
microspin column (GE Healthcare Japan Ltd.) and this column was washed 
with 400 µL of the folding buffer. The solution of biotinylated ssDNA library 
was then heat-shocked and allowed to slowly cool at room temperature. Then, 
150 µL of the biotinylated ssDNA library was added into the microspin 
column with the SST-modified gel, which was allowed to react for 30 min. 
The reacted column was washed four times with 400 µL of the folding buffer, 
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and then 0.5 g/L of SST solution was reacted for 1 h in the folding buffer. 
After the reaction, 20 µL of chloroform was added into the eluted solution to 
establish structural disorder in the SST. The solution was separated via 
centrifuge (condition: 1400 rpm, 10 min), and then 3 µL of glycogen was 
added. The eluted ssDNA library was dissolved into 30 µL of TE after the 
ethanol precipitation. Then, the eluted ssDNA library was amplified over 20 
cycles of PCR (95 oC, 15 s; 55 oC, 15 s; 68 oC, 30 s) using primers of the P1 and 
P2 (Table 1). The 1st round of the dsDNA library was prepared to extract and 
purify the DNA to a level that fell between 80 and 110 bp. In each of the 
SELEX rounds, both the preparation of the biotinylated ssDNA library and 
selection via the SST-modified gel was performed. Non-specific ssDNAs were 
removed from the 7th round for use as a chromatography column without 
SST modification, before selection via the SST-modified gel. 
 After the 10th round, the dsDNAs were cloned into Escherichia coli 
using a TA cloning kit for DNA sequencing. DNA sequencing was carried out 
using an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems, CA, 
USA) and a BigDye-terminator v3.1 Cycle Sequencing Kit (Applied 
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Biosystems), according to the manufacturer's protocol. The secondary 
structure was evaluated via the mfold web server 
(http://unafold.rna.albany.edu/?q=mfold/dna-folding-form), according to a 
previously established protocol.27 
 
2.3 Affinity evaluation via SPR 
 The purified aptamers were analyzed using a Biacore 3000 
instrument (GE Healthcare japan Ltd.) with reagents at 25 oC and a Biacore 
CM1 sensor chip (GE Healthcare Japan Ltd) based on a previously reported 
method.28 
The SST-SM(PEG)12 was prepared as follows. The SM(PEG)12 
solution was adjusted to 2 mM in PBS, and 2 mM of the SST solution was 
adjusted to 10 mM in PBS. Then, 100 µL of a solution that contained an 
equal mix of SM(PEG)12 and SST were reacted at 4 oC for 12 h. 
 The sensor chip was modified with SST via amine coupling, as 
follows. Initially, 100 µL of an equal mix of a solution containing EDC and 
NHS was injected at a flow rate of 5 µL/min. Then, 100 µL of 50 mM 
cystamine in 20 mM boric acid buffer (pH 8.5) was injected twice at a flow 
 93 
rate of 5 µL/min. In order to block the unreacted NHS, 100 µL of 1 M 
ethanolamine was injected at a flow rate of 10 µL/min. Then, 300 mL of 100 
mM dithiothreitol was injected at a flow rate of 5 µL/min to deoxidize the 
cystamine. The unreacted dithiothreitol was removed via the injection of 5 
µL of 0.04 M NaOH at a flow rate of 20 µL/min. Finally, 300 µL of 2 mM 
SST-SM(PEG)12 was injected twice at a flow rate of 5 µL/min. 
The association constant was analyzed via the injection of 20 µL of 1 
µM of an aptamer solution at a flow rate of 5 µL/min. The folding buffer was 
injected for dissociation, and 0.04 M of NaOH was injected to recycle the 
chip. 
 
 
2.4 Interactive force measurements via AFM 
 The interactive force between the aptamer and the SST was 
evaluated via AFM as follows. A gold chip was labeled with either SST or 
AGT, and a cantilever was modified with a respective aptamer. The 
modification was accomplished using a previously reported method.22 In 
brief, after UV irradiation for 2 h, 200 µL of 4 mg/mL DTSSP in 20 mM of 
acetate buffer was reacted for 30 min. For aptamer modification, 200 µL of 1 
mg/mL streptavidin was reacted for 1 h. Then, 200 µL of 10 µM biotinylated 
 94 
ssDNA was reacted with shading for 30 min. For peptide modification, 100 
µL of a 2 µM SST in PBS was reacted for 1 h. 
 The interactive force was measured in TBE at a scan rate of 2 µm/s 
with a loading rate of 12 nN/s (the scan rate multiplied by the cantilever 
spring constant). The measurement was performed via the survey of a 1 µm 
by 1 µm area using 4096 different points. 
 
2.5 Sandwich-like monitoring of SST 
 Two aptasensors can be used to trap label-free peptides via the 
proposed monitoring method. The aptamer with the highest level of 
specificity was modified to the prepared gold chip, and the aptamer with the 
second highest level of specificity was modified to the prepared cantilever. 
The modification of aptamers was performed in the same manner as that 
used in the interactive force measurement. The cantilever and the gold chip 
were used as novel aptasensors in AFM. The surveys were performed in TBE 
with a scan rate of 2 µm/s. The concentration of SST was changed from 2 to 
2000 nM. As a negative control, 2000 nM AGT was used. The measurement 
conditions were the same as those for the interactive force measurement. 
 
2.6 Algorithmically fitting analysis 
 The interactive force measurements were compared via the fitting 
analysis. The histograms were analyzed using Fityk software (version 0.9.8, 
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http://fityl.nieto.pl), and a summation of the Gauss functions was 
algorithmically optimized via a Nelder-Meads method.29,30 
 
3. Results 
3.1 Selection of the aptamer against SST 
 The concentration of the ssDNAs was evaluated to calculate the 
binding rate (Eq. (A.1))—the ratio of the concentration of eluted ssDNAs to 
that of added ssDNAs. 
𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = !""#" !!"#$ ![ !"#$%& !"##$% !!"#$][!""#" !!"#$]  (Eq. (A.1)) 
 As a result, the binding rate increased from the 1st to the 7th round 
(Fig. 1). Although the binding rate decreased in the 8th round, the ssDNAs 
that non-specifically binded to the column were removed via a 
chromatography column without SST modification. The binding rate in the 
10th round was the same as that in the 8th round. Then, the selected 
aptamers against SST were referenced by SSTA number, such as SSTA4, or 
SSTA5. 
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3.2 Sequences and secondary structure of the aptamers. 
 The aptamers were isolated from 50 different clones. The SSTA1 
and the SSTA4 occupied some of the clones, and the occupancies are 
indicated in Table 2. SSTA1 was found in 13 different clones (26%) and 
SSTA4 was found in 4 different clones (8 %). Other sequences were found in 
1 clone (2 %). Additionally, only 2 base pairs differed in SSTA4 and SSTA5: 
G24/C24 and A40/C40, respectively.  
 All aptamers had a bulge loop in their predicted secondary 
structures (Fig. 2). The SSTA1 had two bulge loops (Fig. 2A), the SSTA4 and 
SSTA5 had a hairpin loop (Figs. 2B, and C), and the SSTA24 had a long 
bulge loop (Fig. 2D). The bulge loops were assumed to be an important factor 
for interaction with peptides such as SST. 
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Figure 2. The predicted secondary structure of the selected aptamers: (A) SSTA1, 
(B) SSTA4, (C) SSTA5, and (D) SSTA24 
 98 
3.3 Affinity evaluation via SPR 
 The affinity between an aptamer and a SST was evaluated via SPR 
in the flow of SST solutions with concentrations that varied from 100 to 1000 
nM. The typical SPR curves are indicated in Fig. 3. 
SSTA5 and SSTA24 indicated the lowest dissociation constants at 
approximately 33.9 (Fig. 3C) and 41.6 nM (Fig. 3D), respectively. On the 
other hand, SSTA1 and SSTA4 indicated the higher dissociation constants at 
approximately 385 (Fig. 3A) and 103 nM (Fig. 3B), respectively. 
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3.4 Interactive force measurement via AFM 
 The aptamer-modified gold chips were used in surveys with 
cantilevers labeled with either 2000 nM SST or 2000 nM AGT. Neither the 
SSTA1 nor the SSTA4 could confirm a clear difference between SST and 
AGT (Figs. 4A and B). Actually, the SPR results indicated a higher 
dissociation constant. So these aptamers were assumed to non-specifically 
interact with the column. On the other hand, both SSTA5 and SSTA24 were 
able to confirm a clear difference between the SST and AGT (Figs. 4C and D). 
In particular, SSTA5 indicated the highest level of specificity to SST. 
Additionally, these results corresponded with the dissociation constant. 
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3.5 Sandwich-like monitoring of SST 
 SST binded with the gold chip via the SSTA5, and the cantilever 
modified with SSTA24 was used in the surveys with the gold chip. The 
concentration of SST was changed from 2 to 2000 nM. Typical histograms 
are indicated in Figs. 5A, B, C, D, and E. As a negative control, 2000 nM 
AGT was used (Fig. 5A), and the result was a histogram similar to the 
interactive force between SSTA5 and AGT (Fig. 4C). On the other hand, the 
frequency of weak forces above 50 pN clearly decreased depending on the 
SST concentration (Figs. 5B, C, D, and E). The overall average interactive 
force is indicated in Fig. 5F. These results show that SST can be specifically 
monitored by changes in concentration. 
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4. Discussion 
 The aptamers against SST were first selected via SELEX. The 4 
aptamers (SSTA1, SSTA4, SSTA5, and SSTA24) were newly isolated from 50 
different clones. The difference in aptamers could be evaluated via the 
occupancy and interaction analysis provided by SPR and AFM. SELEX 
generally provides an effective in vitro selection of the aptamer with the 
highest selectivity.15,16 However, an aptamer that is selected for its high 
occupancy does not always have high specificity to SST. Interactive force 
measurements have shown that it is not possible to select either specific 
aptamer or non-specific ssDNAs via SELEX. Actually, SSTA1 occupied the 
most clones, but a higher dissociation constant is indicated (Table. 1) along 
with a level of interaction with AGT that is stronger than that with SST (Fig. 
4A). This result suggests that some selected aptamers will interact with 
various molecules in specific cases. 
The aptamers with similar sequences, SSTA4 and SSTA5, were first 
compared via in vitro experiments. Actually, the aptamers with similar 
sequences indicated different dissociation constants via in silico 
experiments.31 A quantitative comparison was performed to clarify the 
relationship between the number of different nucleic acid bases and the 
dissociation constant ratios. In a previous study, the different nucleic acid 
bases numbered 5 (target: theophylline) and 7 (target: caffeine), and the 
dissociation constant ratios were 3.3 (target: theophylline) and 8.4 (target: 
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caffeine). In the proposed study, SSTA4 and SSTA5 differed in the number of 
nucleic acid bases by 2, and the ratio of the dissociation constant was 3.0 
(Table 1). These values approximated those used when targeting 
theophylline. On the other hand, the overall averages were 76.1 pN for 
SSTA4 and SST (Fig. 4B) and 115 pN for SSTA5 and SST (Fig. 4C). The 
relationship between the difference in the number of nucleic acid bases and 
the interaction was unclear, and an in silico evaluation should be used for 
clarification in future study. However, the proposed study represents the 
first comparison of SPR and AFM results for aptamers with high specificity, 
such as SSTA5 and SSTA24. Actually, the ratio of the dissociation constant 
was approximately 1.22 (Table 1). The overall average interactive forces 
were 115 pN for SSTA5 and SST (Fig. 4C), and 93.6 pN for SSTA4 and SST 
(Fig. 4D). As a result, the ratio of interactive forces was 1.22, which 
corresponded with the ratio of the dissociation constant. In future study, 
SPR and AFM data should be compared quantitatively. 
 SSTA5 and SSTA24 were both used for the sandwich-like 
monitoring of SST. The SSTA5 was modified with a chip, and the SSTA24 
was modified with only a cantilever. The specific interactive force could be 
detected only when the SSTA24 interacted with SST during the survey. At 
that point, the SST concentration could be monitored as an index of the 
overall average (Fig. 5). Previously, the thrombin concentration could be 
monitored in a survey of the gold chip modified with a thrombin aptamer via 
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a cantilever modified with thrombin.22 In a previous paper, the thrombin 
concentration could be monitored from 2 to 200 nM as an index of the overall 
average. The proposed system was comparable to the sensing at the point of 
monitoring concentration. Moreover, the proposed system enabled the 
detection and monitoring of a label-free molecule. Label-free thrombin can be 
detected via electrochemical sensing,32 and label-free molecule sensing has 
become a requirement for ease of sensing via AFM. Additionally, the 
methodology used to trap a target molecule via two aptamers was based on 
electrochemical sensing.33 The proposed methodology, however, is the first to 
enable the trapping of a label-free molecule via two aptasensors for AFM. 
The previous methods of electrochemical sensing could achieve the sensing of 
a 10 nM target molecule, but the concentration dependence was confirmed to 
range from 40 to 100 nM.33 The proposed monitoring system demonstrated 
dependence covered a wide range of concentrations, but the needed 
improvement was for lower concentrations. 
 The number of molecules was associated with the interactive force 
via statistical analysis. First, a histogram of the interactive forces between 
SSTA24 and 2000 nM SST (Fig. 4D) was analyzed via the proposed 
algorithm (Fig. 6A). In the present study, a labeled SST could be detected. 
Second, the histogram of the interactive forces was analyzed in the proposed 
system of a 2,000 nM SST (Fig. 6B). In the present experiment, a label-free 
SST could be detected. Compared with the fitting results, the averages of the 
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Gauss function corresponded from F1 to F3 (Fig. 6C). The function of F0 
represented some non-specific interactive forces, which were probably due to 
the interactions between SSTA5 and SSTA24. The average of F1 was 
approximately 45 pN, that of F2 was approximately 90 pN, and that of F3 
was approximately 150 pN. The average of each function linearly correlated 
with the number of functions, and the number of functions was assumed to 
approximate the number of molecule pairs. Therefore, the interactive force 
seemed to be 45 pN for the single pair of SSTA24 and SST. Actually, the 
interactive force on live cell membranes between an aptamer and a protein 
was reported to be approximately 46 pN,34 the interactive force between IgE 
and an aptamer was reported to be approximately 49 pN,35 and the 
interactive force between the epitheliak cell adhesion molecule and its 
aptamer was approximately 42 pN.36 As these results show, it would be 
reasonable to expect the interactive force between SSTA24 and SST to be 45 
pN. Therefore, we can confirm that the interactive force is the same for both 
the labeled and the label-free SST experiments. 
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5. Conclusion 
 The aptamers against SST were firstly selected from the ssDNA 
library via SELEX. Then, the specificities of selected aptamers were 
compared via SPR and AFM. As a result, the same results can be achieved 
using aptamers with higher levels of specificity. The correspondence of the 
dissociation constant with the interactive force could then be confirmed for 
the aptamers. The proposed system was then constructed based on those 
results. Two aptasensors were prepared: the aptamer with the highest level 
of specificity was modified with a gold chip, and the aptamer with the second 
highest level of specificity was modified with a cantilever. The interactive 
force was then measured during a survey of the cantilever in a SST solution 
of various concentrations. The interactive force could be used to monitor a 
change in the SST concentrations of from 2 to 2,000 nM. Additionally, the 
same interactive force was confirmed in both the labeled SST experiment 
and in the label-free SST experiment. The proposed system is the first 
method to enable both the detection and monitoring of a label-free peptide 
via two aptasensors. The sandwich-like monitoring system will enhance 
peptide sensing or monitoring and promote the use of aptasensors. 
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Chapter 1. Application for selecting and sensing of nucleotides. 
 
1-4. Bear-trap sensing for peptides via split aptamers and atomic force 
microscopy. 
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1. Introduction 
 Aptamers have recently been the focus of most research. Aptamers 
are single-stranded nucleic acids with 30 to 70 nucleotides, and they can 
generally interact with high specificity to various molecules.1 The 
aptamer-based sensor (referred to as an aptasensor) has been a major focus 
in biotechnology research.2–6 Aptasensor studies have progressed via various 
sensing methods using various target molecules. Most of the methods used, 
however, require time-consuming steps, and a biosensor fabrication strategy 
that could avoid complicated labeling steps is desirable.2 An aptasensor 
system that uses atomic force microscopy (AFM) has been proposed for 
label-free peptide sensing. 
 AFM enables the survey of a sample surface via a probe (referred to 
as a cantilever), and then it makes a topographical image and 
simultaneously detects an interactive force via a system of force-distance 
curve measurements. For the measurement of a bio-molecular interactive 
force, the target sample is surveyed via a cantilever that has been modified 
with a molecule.7 Previously, aptasensors have been used to monitor changes 
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in the concentrations of enzymes, thrombins, as an index of interactive 
force.2 Based on this method, a label-free peptide sensing method was 
targeted.  
 In the present study, an aptasensor of split aptamers was applied to 
detect and monitor somatostatin (SST) as a model peptide. The aptasensor 
was prepared via a split-aptamers modification. The SST aptamer (SSTA) is 
known to have the highest specificity to SST. The 5’-end part can be 
chemically modified with a cantilever, and the 3’-end part can be chemically 
modified with a gold chip. Then, the SST could be trapped in a pinch between 
the cantilever and the gold chip, with an action that resembles a bear trap. 
The bear-trap sensing was able to specifically detect SSTs in a peptide 
mixture solution with angiotensin (AGT). The bear-trap sensing was then 
used to monitor the changes in SST concentrations ranging from 0.2 nM to 
2000 nM and provided an index of interactive forces. Additionally, the fitting 
analysis enabled an estimation of the number of SSTs. Therefore, AFM 
sensing using an aptasensor could promote peptide sensing. 
 
 
2. Material and methods 
2.1 Reagents and cantilever 
 Dithiobis[sulfosuccinimidylpropionate] (DTSSP) was purchased 
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from Pierce (Missouri, USA). The peptides, SST and AGT, and streptavidin 
from Streptomyces avidinii were purchased from Sigma-Aldrich Japan 
(Tokyo, Japan). Other chemicals were purchased from Nacalai Tesque 
(Kyoto, Japan). 
A gold-coated silicon cantilever (Olympus Co. Ltd., Tokyo, Japan, 
BL-RC150VB-C1, spring constant: 0.006 N/m) was used in all experiments. 
 
2.2 Split aptamer 
The sequences of the split fragments are indicated in Table 1. The 
secondary structure of the original aptamer, SSTA5, was predicted via the 
mfold web server 
(http://unafold.rna.albany.edu/?q=mfold/dna-folding-form),8 and appears in 
Fig. 1A. The aptamer was split into two fragments. The 5’-end part (referred 
to as SSTA5-5) fell between C1 and A42, the 3’-end part (referred to as 
SSTA5-3) fell between C43 and A95. The splitting bond between A42 and C43 
was chosen, because it could separate the longest binding base pairs, and the 
bulge loop between A42 and T59 was probably maintained. For the bear-trap 
sensing, each end was biotinylated. 
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Sequence 
SSTA 5-5 
5’-biotin-
CAGCTCAGAAGCTTGATCCTGTGCTGCGTGT
GGGGGGACCGA-3’ 
SSTA 5-3 
5’-
CTCTTAATCCTCCCTTTCGGTATCCCCACCCG
ACTCGAAGTCGTGCATCTGCA-biotin-3’ 
Table 1. Sequences of split aptamers 
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Figure 1. (A) The secondary structure of ssDNA5. The arrow 
indicates the splitting bond. (B) Illustration of the bear-trap 
sensing. 
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2.3 Interactive force measurement 
The interactive force between SSTA5 and SST was measured via 
both the cantilever modified with SSTA5 and the gold chip modified with 
SST. The modification was performed using a previously reported method.2 
The first step involved UV irradiation for 2 h, then 200 µL of 4 mg/mL 
DTSSP was allowed to react for 30 min with 20 mM of acetate buffer. To 
modify the aptamers, 200 µL of 1 mg/mL streptavidin was reacted for 1 h, 
and then 200 µL of 10 µM biotinylated aptamers were reacted with shading 
for 30 min. To modify the peptides, 100 µL of 2 µM SST or AGT in 
phosphate-buffered saline (PBS; 100 mM phosphate, 150 mM NaCl, pH=7.5) 
was reacted for 1 h. The interactive force was measured in Tris-borate-EDTA 
buffer (TBE; 10.8 g/L Tris, 0.002 M EDTA, 5.5 g/L Boric acid) with a scan 
rate of 2 µm/s, and the loading rate was 12 nN/s (multiply the scan rate by 
the cantilever spring constant). The measurement was performed via the 
survey of a 1 µm by 1 µm area with 4096 different points. 
 
2.4 Bear-trap sensing 
Both a cantilever and a gold chip were modified with SSTA5-5 using 
the same method as that for the measurement of interactive force. The 
measurement conditions were also the same, and SST was dissolved in TBE 
using concentrations that ranged from 0.2 to 2000 nM, then, 2000 nM AGT 
was dissolved to use as a negative control. Additionally, a peptide mixture of 
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2000 nM SST and 2000 nM AGT was dissolved to confirm the specificity. 
 
2.6 Algorithmically fitting analysis 
The interactive force measurements were compared during the 
fitting analysis. The histograms were analyzed using Fityk software (version 
0.9.8, http://fityl.nieto.pl), and a summation of the Gauss functions was 
algorithmically optimized via a Nelder-Meads simplex.9,10 
 
3. Results and discussions 
3.1 Interactive force measurements 
 First, the detection of labeled peptides was performed. The 
interactive force measurements were continuously performed on the 
different 4096 points. The results were indicated as histograms, and were 
fitted via the algorithm in the case of the SSTs (Fig. 1A) and the AGTs (Fig. 
1B). For the SSTs, each Gauss-function was possibly due to various pairs 
that ranged from a single pair to triple pairs, because the averages of the 
interactive forces correlated with the number of functions (Fig. 1C). The 
interactive force of a single pair of SSTA5 and SSTs was assumed to be 
approximately 60 pN. On the other hand, as a result of AGT, the fitting was 
incomplete (Fig. 1B). The specificity of SSTA5 to AGT was low, and the 
interactive force between SSTA5 and AGT could not be measured via the 
loading rate of 12 nN/s. Actually, the relationship between the measured 
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force and the loading rate was previously reported.11,12 The measured force 
was proportional to the loading rate, so the interactive force measurement 
required a high loading rate in the case of molecules with low specificity. The 
interactive forces between aptamers and proteins were reported to be almost 
45 pN.13–15 The interactive force of 60 pN was little more than the reported 
interactive force that is used to target other proteins. The specificity of 
SSTA5 to SST is assumed to be higher. 
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Figure 2. Interactive force between SSTA5 and (A) 2000 nM SST and (B) 2000 nM AGT. 
(C) Average interactive force and number of pairs. Error bars indicate the standard 
deviations of three independent experiments. 
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3.2 Peptide specificity of bear-trap sensing 
 The peptide specificity was confirmed so that bear-trap sensing 
could be performed in the peptide mixture. The bear-trap sensing was 
performed in the buffered TBE without the peptides (Fig. 3A): with 2000 nM 
SST (Fig. 3B), with 2000 nM AGT (Fig. 3C), and with a mixture of 2000 nM 
SST and 2000 nM AGT (Fig. 3D). The overall averages were used to indicate 
the peptide specificity (Fig. 3E). The overall average for SST was clearly 
larger than that for AGT, and was the same as that for the mixture. 
Therefore, the hybridized SSTA5 was able to specifically detect SST. 
 The averages for each of the Gauss-functions were compared (Fig. 
3F). In the case of TBE without the peptides, two functions (Figs. 3A; A1 and 
A2) were confirmed. These averages were nearly the same as those of AGT 
(Figs. 3C; C1 and C2). The averages for A1 and C1 were the non-specific 
interactive forces, and these were the same as those for the labeled AGT (Fig. 
2B). The averages for A2 and C2 were assumed to be due to the hybridization 
of the split fragments. On the other hand, four averages were confirmed in 
the case of SST (Figs. 3B; B1, B2, B3, and B4). The average for B1 was also 
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assumed to be due to the hybridization of the split fragments. The average 
for B2 was approximately 42 pN, and this was assumed to be due to a single 
pair. This interactive force was lower than that for either SST or the original 
pair, because it is assumed that the split decreased the specificity of the 
aptamer to SST. The averages for B3 and B4 were assumed to be due to 
double and triple pairs, respectively. These averages were also lower than 
that for either SST or the original SSTA5. No correlation, however, could be 
confirmed (Fig. 3F). Three averages were confirmed in the case of the 
mixture (Figs. 3D; D1, D2, and D3). The average for D1 fell between those for 
B2 and C2, so the fitting could not identify the difference for either SST or 
AGT. The averages for D2 and D3, however, were the same as those for B3 
and B4.  
 The hybridization of SSTA5 was estimated to require approximately 
26 pN (Loading rate: 12 pN/s), based on the results of A2, B1 and C2. The 
hybridization of the split aptamer was reported to require 34 pN (loading 
rate: 10 pN/s).16 An interactive force of 26 pN seemed to be low for 
hybridization, although the sequences were much different. The structure of 
the original aptamer was simple in the previous study; however, the 
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structure of the original aptamer was more complex in the present study. 
Therefore, the present split aptamer was more difficult to hybridize and 
seemed to rupture easily with a lower level of force. Both the double and 
triple pairs seemed to hybridize with a much lower level of probability with a 
loading rate of 12 nN/s, because the peaks of higher interactive forces could 
not be clearly confirmed for TBE without peptides or AGT. 
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3.3 Concentration dependence of bear-trap sensing 
 The bear-trap sensing was performed in various concentrations of 
SST. The SST concentrations were changed to 0 nM (Fig. 4A, the same as Fig. 
3A), 0.2 nM (Fig. 4B), 2 nM (Fig. 4C), 20 nM (Fig. 4D), 200 nM (Fig. 4E), and 
2000 nM (Fig. 4F, the same as Fig. 3B), and then all results were analyzed 
via fitting. The overall averages of SST correlated with the SST 
concentration (Fig. 5A).  
 The average for each of the Gauss-functions was compared (Fig. 5B). 
Functions were classified into 5 groups, from F1 to F5; F1 was below 20 pN, 
F2 was approximately 20 pN, F3 was approximately 40 pN, F4 was 
approximately 80 pN, and F5 was approximately 120 pN. The results for F1 
were due to the non-specific interactive forces, which were the same as those 
for A1 and C1 (Fig. 3F). In a similar manner, F2 was also due to the 
hybridization, because the interactive force was the same as that for both A2 
and C2 (Fig. 3F). F3, F4, and F5 were also due to single, double, and triple 
pairs of SST and the hybridized SSTA5, respectively. Under conditions of low 
concentration (0 nM to 20 nM), F1 was confirmed, while F4 and F5 were not. 
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Under conditions of high concentration (200 nM to 2000 nM), F1 was not 
confirmed, but F4 and F5 were. Therefore, both the double and triple pairs 
were amenable to construction in a high concentration. 
 In the present study, we were able to successfully monitor the 
following concentrations: SST from 0.2 to 2000 nM; human insulin from 0.1 
to 15 nM via fluorescence resonance energy transfer;17 and, peptides from 1 
to 200 nM via liquid chromatography-mass spectrometry.18 When these 
results are considered, bear-trap sensing using a split aptamer can be 
successful at monitoring across a wide range of peptide concentrations. 
Additionally, the SST number can be evaluated via fitting analysis. In future 
study, concentration sensing should be pursued in greater detail via fitting 
analysis. 
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4. Conclusions 
 Split aptamer-based aptasensors were used to specifically trap the 
target peptide SST via a pinching action during AFM measurement. The 
proposed sensing system could then be used to monitor SST concentrations 
from 0.2 to 2000 nM. The specificity and concentration dependence was 
evaluated and used as an index for the interactive force. Algorithmical 
fitting analysis allowed clarification of the difference between hybridization 
and interaction, and an estimate of the SST number. The proposed sensing 
system operates somewhat like a bear trap, and offers the advantages of 
promoting peptide sensing and extending AFM sensing. 
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 2. Application for detecting and mapping of cell-surface proteins. 
 
2-1.  Mapping of yeast’s G-protein coupled receptor with atomic force 
microscopy. 
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1. Introduction 
Biomolecule interactions usually trigger a signal transduction for 
the alternation of physiological functions.1,2 To analyze these functions, 
methods of analysis that focus on interactions such as protein-protein 
affinities have been developed as follows: Surface Plasmon Resonance (SPR) 
analysis,3,4 and Quartz Crystal Microbalance (QCM) analysis.5,6 For both of 
those types of analysis, an interactive force between molecules can be 
measured on the chip surface and analyzed quantitatively. Since there are 
no requirements for the chemical modification of target molecules with 
fluorescent dyes or radioisotopes, these are usually used for evaluation. 
Recently, the simultaneous imaging and analysis of interactions between 
molecules has been required, particularly on the surfaces of cell membranes, 
which is assumed to be difficult with both SPR and QCM. On the other hand, 
AFM can be used for the imaging of a sample while also measuring the 
interactive force on a cell membrane. 
 AFM was intended for high-resolution imaging when it was first 
developed in 1986.7 Since the imaging of a cell by AFM was first reported in 
1986,8 the methodology for cell imaging has been further developed.9–12 For 
stable cell imaging, Ikai’s group attempted to immobilize cells on a glass 
surface using a syringe.8 After that, a cell-immobilizing methodology was 
often performed using agarose9 or gelatins.10,11 In addition, the use of a 
cell-imprinting methodology has also been reported.12 On the other hand, the 
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elasticity of a cell membrane has been gauged through a combination of cell 
immobilization and measurement of the interaction.10 AFM has been used to 
evaluate a molecule-molecule interaction through modification of the 
cantilever with a linker molecule in the following procedures: affinity 
evaluation of the streptavidin-biotin complex,13 enzymatic nanolithography 
of the FRET peptide layer,14 and direct observation of substrate-enzyme 
complexation.15 As for a protein expressed on a cell surface, the sensor 
protein Wsc1 on a yeast cell surface16 or EGFR17 has been targeted. In each 
study, one kind of cell was employed, while, in the proposed study, the 
mutants whose expression level of G-Protein Coupled Receptor (GPCR) are 
employed and compared for the first time.  
     GPCRs are well known as target receptors for ligands, and yeast’s 
GPCR, Ste2p was generally targeted as a model of GPCRs. GPCRs are 
membrane translocate proteins that form 7-transmembrane domains and 
have a common mechanism for signal transduction.18–20 When GPCRs 
interact with a ligand outside of the cell membrane, they activate an inside 
signal transduction pathway and induce a cellular response. Because of their 
important role in cellular physiology, GPCRs have been targeted for use with 
medication.18 We reported a GPCR assay system that focuses on the yeast 
GPCR, Ste2p.19,20 This GPCR is expressed on the cell membrane of a mating 
type of cell haploid, Saccharomyces cerevisiae (S. cerevisiae). The mating 
pheromone secreted from α-mating types of haploid cells, α-factor, is well 
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known to the ligand of Ste2p. In addition, we also employed BY4741ste2Δ 
and BY4741/pGK421-STE2. BY4741ste2Δ was the strain knocked out of the 
Ste2p gene. BY4741/pGK421-STE2 is the strain over-expressed of Ste2p by 
introducing of the constructed plasmid, pGK421-STE2. Although a lot of 
knowledge of Ste2p has been reported, the quantitative analysis of Ste2p is 
less. Western blotting of Ste2p tagged was reported,21 however, there have 
been no reports about the native Ste2p. 
 In the present study, the evaluation of Ste2p density and Ste2p 
expression level in mutants were performed using AFM. At first, the 
fluorescence intensities were measured using α-factor-modified fluorescent 
dye. Thereafter, via the α-factor-modified cantilever, the yeast cells were 
surveyed and the interactive forces were measured. Then, we elucidated the 
relationship between fluorescence intensities and the interactive forces.  
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2. Material and Methods 
2.1 Yeast strains and chemicals 
S. cerevisiae BY4741 [MATa hisΔ1 leu2Δ1 met15Δ0 ura3Δ0]22 and 
the mutant strain BY4741/ste2Δ [MATa his3Δ1 leu2Δ1 met15Δ0 ura3Δ0 
ste2Δ::kanMX4]23 were constructed according to the method established in 
our previous paper.19 
 The crosslinking chemicals for the ligand modification was 
3,3’-Dithiobis[Sulfosuccinimidylpropionate] (DTSSP) (Thermo Scientific, 
Massachusetts, USA), and the pheromone molecule for yeast was α-factor 
(Zymo research, California, USA). Yeast nitrogen base without amino acids, 
peptone, or carrier DNA (Takara Bio Inc., Shiga, Japan) were used for 
cultivation and transformation. Other chemicals were of analytical grade 
(Nacalai Tesque, Kyoto, Japan). 
 Two media were used; yeast peptone dextrose medium (YPD) 
containing 10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose, and 
synthetic dextrose medium (SD) containing 6.72 g/L yeast nitrogen base 
without amino acids, and 20 g/L glucose. YPD was used for cultivation of 
BY4741 WT and BY4741/ste2Δ. The SD containing 20 mg/L uracil, 30 mg/L 
leucine, 20 mg/L histidine (SD+ULH) was used for cultivation of 
BY4741/pGK421-STE2. The SD containing 20 mg/L uracil, 30 mg/L leucine, 
20 mg/L histidine and 30 mg/L methionine (SD+ULHM; only filtered) was 
used for AFM experiments. 
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2.2 Transformation, cultivation, and immobilization of yeast 
The yeast transformation was accomplished via the lithium acetate 
method, as follows.24 
 Three yeast strains, BY4741 WT, BY4741/ste2Δ, and 
BY4741/pGK421-STE2, were cultivated and immobilized via the same 
manner as follows: three yeast strains were cultivated for 20 hours with 
shaking at 150 rpm at 30 oC, respectively. After cultivation, the cell pellets 
were collected by centrifugation at 3000 rpm under room temperature for 5 
min. The cell pellets then were washed with 5 mL of ultrapure water. They 
were centrifuged and the supernatant was removed again, then the cell 
pellets were re-suspended in 100 µL of distilled water. The cell concentration 
was adjusted to give an optical density of 1.0 at 600 nm (OD600 = 1.0) via 
dilution of ultrapure water. 
 Onto a φ13 mm glass slide (referred to here as glass slide (X)) 
(Matsunami Glass Industries, Tokyo, Japan), 5 µL of a yeast-cultivated 
suspension (OD600 = 1.0) was dropped and allowed to dry. In a block 
incubator (ASTEC Corporation, Fukuoka, Japan), 33 mg of soft agarose of 
electrophoresis experiment grade was diluted in 1 mL of SD+ULHM, and 
melted at 100 oC for approximately 30 min. After the agarose had melted, the 
solution temperature was maintained at 60 oC. After about 30 min of 
incubation, 20 µL of the agarose solution was dropped onto the glass slide (X) 
with the immobilized yeast cells. Then, using another glass slide (Y), the 
 136 
agarose solution and the immobilized yeast cells were sandwiched 
immediately, and it was let stand for 1 min. Then it was turned and the top 
glass slide (X) was removed (Fig. 1A).  
 
 
AFM tip modification with α-factor 
 
 
 
  
Figure 1. The measurement scheme in this study; (A) An immobilization of yeast 
cells on a glass slide; (B) A cantilever modified with a ligand approach to cell surface 
and force measurement of 4096 points within 1 µm by 1 µm; (C) The differences in 
the high or low value of interactive forces; (D) Histogram; (E) Force curve mapping. 
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The cantilever used in the present study was OMCL-TR400PB-1 
(Olympus corporation, Tokyo, Japan). It was 100 µm in length, with a 0.09 
N/m spring constant, a 32 kHz resonant frequency, and gold coating. To clear 
the organic compounds that may have previously adhered to the cantilever 
surface, it was treated with ultraviolet (UV) light irradiation for 2 hours. The 
cantilever was then exposed to 100 µL of 4 mg/mL DTSSP solution in 20 mM 
acetate (pH 4.8) at room temperature for 30 min. After the reaction, it was 
dipped in 20 mL ultrapure water to wash out the unreacted DTSSP. The 
DTSSP-immobilized cantilever was then doused at room temperature with 
100 µL of 200 µM α-factor in 20 mM acetate (pH 4.8) for 1 hour. After 
reacting the α-factor to DTSSP, it was dipped in 20 mL of 1 M Tris-HCl (pH 
8.0) for 15 min in order to block the unreacted succinimide groups. As a 
negative control, the succinimide-immobilized cantilever was dipped in 20 
mL of 1 M Tris-HCl (pH 8.0) for 75 min. The modified cantilevers were 
washed with 1 mL SD+ULHM, and then were kept in SD+ULHM on ice. 
 
2.3 AFM measurement 
The glass slide with the immobilized yeast was fastened with 
double-sided tape on quart shale, and then 1.5 mL of SD+ULHM was poured 
into it. SPA400-Nanonavi AFM unit (Hitachi High-Tech Science, Tokyo, 
Japan) was used, and the dwell time was 10 ms in all measurements. The 
first approach was operated whereby the cantilever was immediately 
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adjusted to a distance of 200 µm from the target sample. With the optical 
AFM microscope, the location of the cantilever tip was moved to a point over 
the yeast cell. Then, topology scanning was performed at a range of 20 µm 
square with 512 points per line × 512 lines. As a result, the topography of the 
yeast was obtained. Using AFM, the location of the cantilever tip could be 
adjusted to the center of a certain yeast cell, and topography scanning could 
be repeated for different conditions (6 µm by 6 µm square). When the 
topography of one yeast cell was obtained, force-distance curve measuring 
was immediately performed on a 1 µm square of the yeast cell surface with 
64 points per line × 64 lines (Fig.1B). This mode was used to measure the 
interactive force between the tip of the cantilever and the surface of the yeast 
cell. A total of 4096 data points were collected on the force-distance curves 
(Fig. 1C). By using these data sets (interactive force, position information of 
X- and Y- axis), a histogram of the interactive forces could be constructed 
(Fig. 1D). In addition, the force curve mapping was also visualized using a 
FlexPro7 (Hulinks, Tokyo, Japan) (Fig. 1E). 
 
2.4 Cy2-dye labeling of α-factor 
To confirm the expression level of the Ste2p, a fluorescent dye, Cy2-dye (Cy2; 
Amersham FluoroLinkTM Cy2 Reactive Dye; GE Healthcare, Wisconsin, 
USA), was used for the conjugation with α-factor. A sodium 
carbonate-bicarbonate buffer was prepared according to a procedure 
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established in a previous paper25. Then, 1882 µL of this buffer was mixed 
with 118 µL of 10 mM α-factor. After stirring, 100 µL of this solution was 
added to a dye vial, and gently mixed at room temperature for 60 sec. Then, 
2.12 µL of 1 M Tris-HCl (pH 8.0) was additionally mixed for the blocking of 
unreacted succinimide. After reaction termination, this mixture was stored 
at 4 oC. 
 
2.5 Flow cytometric analysis 
The yeasts were cultivated and adjusted in the same manner as 
AFM experiments. Then, 100 µL of the Cy2-dye labeling α-factor was mixed 
with these yeast suspensions, and incubated for 3 hours at room 
temperature. On the other hand, as a negative control, they were mixed with 
100 µL of 600 µM α-factor for 3 hours. 
After reaction, the supernatant was removed completely by 
centrifugation at 14,000 rpm under room temperature for 5 sec, and the 
precipitant (yeasts) was washed 5 times with 100 µL of phosphate buffer 
saline (PBS buffer; 100 mM Phosphate, 600 mM NaCl). Then, the 
fluorescence intensities were analyzed by the flow cytometer (BD 
FACSCantoII; BD Biosciences, CA, USA), as described previously.20 
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3. Results 
3.1 Fluorescence intensity of Cy2-dye labeling α-factor 
The expression levels of Ste2p were measured as an index of the 
fluorescent intensity of the Cy2-dye labeled α-factor adsorbed Ste2p on a cell 
surface. Using flow cytometer analysis, the average fluorescence intensities 
for 10, 000 yeast cells could be measured and quantified (Fig. 2).  
Each of the average fluorescence intensities depended on the type of 
mutants. The fluorescence intensities clearly increased as the Ste2p 
expression level increased. In the case of BY4741ste2Δ, there was assumed 
to be no differences between cells either with or without the Cy2-dye labeled 
α-factor, because BY4741/ste2Δ does not express Ste2p. However, the mean 
for fluorescence intensity was about 480 with the Cy2-dye labeled α-factor. It 
was assumed that this was caused by the nonspecific adsorption of the 
Cy2-dye labeled α-factor. On the other hand, the fluorescence intensity was 
about 1010 for the complex between BY4741 WT and Cy2-dye labeled 
α-factor, and the intensity was about 8350 for the complex between BY4741/ 
pGK421-STE2 and the Cy2-dye labeled α-factor. These intensities were 
sufficiently large and significantly different. As a result, the fluorescence 
intensity could indicate the proportion of the expression levels, and the ratio 
of BY4741 WT to BY4741/pGK421-STE2 was about 1:8. 
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Figure 2. Comparison of Cy2 fluorescence 
intensity. The mean Cy2-dye fluorescence of 
10,000 cells was measured by flow 
cytometry. Error bars represent the 
standard deviation from these separate 
runs (n=3) 
 142 
3.2 Topographical imaging of yeast cell surface and force curve 
mapping to indicate Ste2p expression 
The yeast BY4741 WT was observed using an AFM equipped with 
an α-factor-modified cantilever. The topography of the BY4741 WT is shown 
in Fig. 3A. The topography of the area that is indicated by the black box (in 
Fig. 3A) is the area for measuring force-distance curve (Fig. 3B), and the 
force-distance curve analysis was carried out for 4096 points within 1 µm by 
1 µm area. The analysis was summarized as the force curve mapping image, 
as shown in Fig. 4C. The force-distance curves of points X and Y (in Fig. 3C) 
are shown in Fig. 3 D and E, respectively. The roughness of the yeast cell 
surface was confirmed in Fig. 3B. However, in the same area of the force 
curve mapping (Fig. 3C), points indicating the interaction were confirmed 
independent of the roughness. Thus, the interactive force between the 
α-factor and Ste2p could be measured using the proposed AFM evaluation 
system. Point X in Fig. 3C showed a weak force (<200 pN), since no 
significant interactive force was observed, as in Fig. 3D. However, in the case 
of Fig. 3E, a strong force was clearly observed (inlet in Fig. 3E) at 398 pN for 
point Y. For the 4096 points of interactive force data, a histogram of the 
quantitative analysis was also carried out (Fig. 3E). As a result, the Ste2p 
expression in the targeted area was visualized by the force curve mapping.  
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Figure 3. Methodology for analysis of a force curve mapping and histograms. (A) 
The topography of BY4741 WT in 8 mm by 8 mm; (B) the topography of the box in 
(A); (C) the force curve mapping; (D) one of the force-distance curves not binding (X 
in (A)); (E) one of force-distance curves binging (Y in (A)); (F) histogram and stacked 
frequency. The stacked frequency was calculated by (stacked counts)/4096. 
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3.3 Differences in Ste2p expression levels and Ste2p density 
The histograms influence the differences in the Ste2p expression 
levels (Fig. 4). The stacked frequency was calculated by Σ (counts below the 
force) / (4096; all counts). The clear differences of the stacked frequency were 
not confirmed to survey via the no-modified cantilever (Fig.4B, D, and F). On 
the other hand, the differences were confirmed to survey via modified 
α-factor cantilever (Fig.4A, C, and E). These differences indicated that it was 
possible to detect the difference in the Ste2p expression levels on the narrow 
area of a yeast cell surface.  
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Figure 4. Histograms of (A) BY4741ste2Δ with the α-factor modified cantilever; (B) 
BY4741ste2Δ with the no modified cantilever; (C) BY4741 WT with the α-factor 
modified cantilever (D) BY4741 WT with the no modified cantilever (E) 
BY4741/pGK421-STE2 with the α-factor modified cantilever (F) 
BY4741/pGK421-STE2 with the no modified cantilever. 
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 Based on these results, the force curve mapping was visualized (Fig. 
5). The colored points indicate the measure of interactive force, and on this 
point Ste2p and α-factor are supposed to bind. No differences were confirmed 
to survey via no modified cantilever (Fig. 5D, H, and L) and the strain of 
Ste2p knockout, BY4741/ste2Δ to survey via the α-factor modified cantilever 
(Fig. 5B). On the other hand, many points were confirmed in the case of the 
over-expressed strain, BY4741/pGK421-STE2 with the cantilever modified 
α-factor (Fig. 5J). The biased distribution of Ste2p was not confirmed, so 
Ste2p is expected to express equally. Indeed, the expression level of Ste2p 
was determined using two methods showing that it targeted the whole yeast 
cell surface and the narrow yeast cell surface, respectively, and their 
correlation is shown. We have indicated how to analyze the detected 
interaction and the Ste2p expression level in the narrow area using force 
curve mapping. 
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Figure 5. Yeast cells surveyed with (upper figures; A, B, E, F, I, and J) α-factor 
modified cantilever, and (lower figures; C, D, G, H, K, and L) no modified cantilever, 
respectively. Topographies and force curve mappings of (left figures; A, B, C, and D) 
BY4741ste2Δ, (center figures; E, F, G, and H) BY4741 WT, and (right figures; I, J, 
K, and L) BY4741/pGK421-STE2. Each force curve mapping is in the box area of the 
corresponding topography, respectively. 
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4. Discussion 
The interactive forces between the receptor on a cell surface and the 
cantilever modified with its ligand were first reported and could be applied 
to the mapping of the receptors. Some interactive forces between the proteins 
on a cell surface and proteins modified with a cantilever have been 
reported.16,26 In each of these reports, the interactive forces were found to be 
on the order of a few hundreds pN. For example, R. Afrin, et al., reported 
that the interactive force was about 500 pN between amino-bearing 
molecules on a cell surface and the cantilever modified with a bifunctional 
covalent crosslinker.26 On the other hand, V. Dupres, et al. reported that it 
was 162 pN between the sensor proteins on a yeast cell surface and the 
cantilever modified with Ni2+-NTA groups.16 In the proposed study, the 
interactive force was considered to be from 200 pN to 500 pN between the 
Ste2p and α-factor. The interactive forces depend on the loading rate, for 
example, 240 pN/s in the report of R. Afrin, et al.26 and 6.5 pN/s in the report 
of V. Dupres, et al..16 On the other hand, the loading rate in the present 
study was 180 nN/s (multiplying the pulling speed of 2000 nm/s by the 
spring constant of 0.09 N/m). Although the targeted proteins were different, 
the order of measured interactive force is considered to be appropriate 
regarding the loading rate.  
 The range of the interactive force was thought to be caused by the 
multi-interaction of Ste2p/α-factor. In 4096 Force-distance curves of the 
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over-expression strain, some typical curves were indicated (Fig. 6B). In the 
case of 300 pN (Fig. 6B-3, 4), two kinds of results were confirmed; 1 peak (Fig. 
6B-3) and 2 peaks (Fig. 6B-4). These results are assumed to indicate many 
complexes of Ste2p/α-factor break as the same time in the case of 1 peak (Fig. 
6C-1), and the complex break as the different time in the case of 2 peaks (Fig. 
6C-2). Although the number of complexes of Ste2p/α-factor cannot be exactly 
described, over 3 complexes of Ste2p/α-factor are thought to result in the 
higher interactive force. 
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Figure 6. (A) Transition of the stacked counts from the thresholds to 600 pN. Error 
bars represent the standard deviation from three separate results (n=3). (B) Typical 
force-distance curves of BY4741/pGK421-STE2 with the α-factor modified 
cantilever; (i) 0 pN, (ii) 250 pN, (iii) 1 peak and (iv) 2 peaks of 350 pN; (v) 500 pN. 
(C) The proposed model of force-distance curve; (1) the model of 1 peak (B-(iii)), and 
(2) the model of 2 peaks (B-(iv)), respectively. 
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 We first employed the mutants and compared them to statistically 
analyze the histogram. As for the mutants, the pGK421 plasmid was used 
and the targeted receptor protein was expressed via a multi-copy by this 
plasmid.19 On the other hand, the fluorescent intensities (Fig. 2) and the 
counts in the histogram (Fig. 4) were considered to depend on the number of 
α-factor binding Ste2p. For quantitative comparison, the threshold of 
interactive force eliminated the noise within each of the histograms. In each 
of the histograms with the α-factor modified cantilever (Fig. 4A, C, and E), 
the counts over the thresholds from 50 pN to 350 pN were summarized, 
respectively (Fig. 6A). The totals of the counts were inversely proportional to 
the thresholds. In addition, the totals of the counts for BY4741ste2Δ became 
0 at 250 pN of the threshold. Regarding this point, the counts ratio of 
BY4741 WT to BY4741/pGK421-STE2 at 250 pN of threshold was 1:7.5. This 
ratio is approximately equal to the ratio of the fluorescent intensities (Fig. 4). 
We could quantitatively evaluate the relationship between the counts and 
the fluorescent intensity, which put the specific interactive forces at above 
250 pN between the Ste2p and α-factor. 
 Based on these results, the differences in Ste2p expression were 
first indicated by force curve mappings. The threshold of 250 pN is 
considered to be appropriate because the colored points indicating the 
exceeding of this threshold were scarcely seen in the mappings with a 
no-modified cantilever. On the other hand, the Ste2p expression level 
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depended on the strains, as expected, and then Ste2p was considered to be 
uniformly expressed. However, the Ste2p expression level of BY4741 WT 
was less than expected. The Ste2p receptor was well known as the key 
receptor for the shmoo, which is a singular morphological change27. The 
present study targeted this change, but in the analysis of this change with a 
single molecule order, the shmoo was infrequent. So the Ste2p expression 
level of BY4741 was considered inadequate to lead to morphological change, 
and this mapping indicated Ste2p expression. 
 As a result, we were able to use AFM and mapping to accurately 
indicate the expression of the receptor protein on the yeast cell surface.  
 
5. Conclusions 
The mapping of Ste2p could be visualized using AFM, and the 
differences in the expression levels on a cell could be indicated. GPCRs are 
targeted by half of all medicines, and by using genetically engineering 
methods, some GPCRs can be expressed on a yeast surface. Therefore, this 
methodology can be applied to the screening of medicines. If the methods 
that are used to immobilize mammalian cells on glass slides can be refined, 
this methodology in conjunction with the use of AFM could became a strong 
tool for detecting cell surface receptors in the near future.  
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Chapter 2. Application for detecting and mapping of cell-surface 
proteins. 
 
2-2. Mapping of endoglucanase displayed onto yeast cell using atomic force 
microscopy. 
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1. Introduction 
 A molecular interaction is a trigger step for metabolic and biometric 
reactions, and these interactive forces could be initiated as down-stream 
reactions.1,2 For evaluating these reactions, the interactive force has been an 
important aspect.3 In addition, the control of the interactive force is required 
for both medical and bioengineering research.4,5 
Cellulose-cellulase reaction has been an attractive development in 
bioengineering research.6 Cellulose size is important for interactions with 
cellulase.7 Some cellulases, such as endoglucanase (EG) and 
cellobiohydrolase (CBH), interact with celluloses via a carbohydrate binding 
module (CBM).8 CBMs are classified by the kind or the size of the 
substrates.9 CBM of EG can interact with the larger-sized cellulose, and 
CBM of CBH can interact with the smaller-sized cellulose after EG 
degradation. For effectively using the celluloses as a carbon source, one of 
the important factors is a site that can be used to degrade the celluloses. 
CBMs of cellulase must interact with a suitably-sized cellulose at the 
optimal site. 
 The surface of microbial cells is a promising field for enzymatic 
reactions.10–12 However, enzymes are difficult to either detect or quantify via 
a survey of the cell surface. The detection and quantification should be 
performed in liquid by measuring the specific interactive force between a 
substrate and an enzyme. Atomic force microscopy (AFM) is a strong tool for 
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evaluating a cell surface, because AFM can operate in liquid and can 
measure the interactive force between a sample and a probe (referred to a 
cantilever).13–16 When the cantilever is chemically modified with the 
substrates, AFM can detect the targeted enzyme via measuring the specific 
interactive force. In the present study, we used AFM to measure the 
interactive force on a cell surface. 
 In the present study, we developed a novel methodology whereby 
AFM could detect and map differences in the display levels and localization 
of EG on the yeast cell surface. An assay of the free EGs in buffer solutions 
has been proposed,17–19 but EG displays on yeast cell surfaces tends to be 
incomplete. The number of yeast cells can affect the assay, which requires 
sufficient reaction time for the yeast to proliferate, display new EGs or die. 
So there is a need for a methodology that can detect EGs displayed on the 
yeast cell surface in a given moment. A comparison of EG-display levels 
should support the novel methodology. To compare the differences in 
EG-display levels, three yeast strains were used: BY-EG-SS, BY-EG-SA, and 
BY-403. Native yeast generally lacks EG, and BY-EG-SS and BY-EG-SA 
displayed EG with different anchoring regions. Methylcellulose (MC) was 
used as the substrate. Thus, mapping clarified the difference in the 
EG-display levels depending on the anchor regions and cultivation time. 
AFM is a powerful tool for evaluating enzymatic reactions on the surface of a 
microbial cell. 
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2. Materials and methods 
2.1 Materials, mediums, and buffer 
The 3,3’-Dithiobis[sulfosuccinimidylpropionate] (DTSSP) was 
purchased from Pierce (MO, USA). The yeast nitrogen base without amino 
acids and the bacto-peptone were purchased from Difco Laboratories (MI, 
USA). The other chemicals were analytical grade and purchased from 
Nacalai Tesque (Kyoto, Japan).  
For yeast cultivation, two kinds of medium were used. The synthetic 
dextrose without histidine (SD (-His)) medium was used for the screening 
culture that contained 6.7 g/L of a yeast nitrogen base without amino acids 
and 20 g/L of glucose, and was supplemented with the appropriate amino 
acids and nucleic acids: 60 mg/L of leucine, 20 mg/L of methionine, and 20 
mg/L of uracil. The yeast extract peptone dextrose (YPD) medium was used 
for the main culture that contained 10 g/L of yeast extract, 20 g/L of 
bacto-peptone and 20 g/L of glucose. 
All measurements were performed in 50 mM sodium citrate buffer 
(pH 5.0), and the dwell time was 10 msec. 
 
2.2 Anchoring regions 
Two glycosylphosphatidylinositols (GPI) were used as anchor 
regions: Sag1 and Sed1, respectively. SAG1 is encoded by AGα1 and 
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interacted with the binding subunit of the agglutinin complex of a-type 
cells.20 Sag1 has predicted length of 650 amino acids before processing.21 The 
C-terminal half of Sag1 (320 amino acid residues) contains a GPI-anchor 
attachment signal at the C-terminal end, and is fused to an enzyme in order 
to display.22 Then, GPI-anchored proteins are released by a 
phosphatidylinositol-specific phospholipase (PI-PLC), and covalently linked 
with glucans. On the other hand, Sed1 is composed of 338 amino acids, and 
contains four cysteine residues and six putative N-glycosylation sites, unlike 
other cell wall proteins.23 For display on the cell surface, Sed1 contains a 
GPI-anchor attachment signal at the C-terminal end, and is fused to an 
enzyme.24 
 
2.3 Constructing three yeast strains 
The plasmid construction was described in a previous study.24 In 
brief, the 3’-half of the SAG1 cording region (963 bp) and the full length of 
the SED1 cording region except for the start codon (1014 bp) were used as 
SAG1 and SED1 anchoring regions, respectively. Finally, the resulting 
plasmids were named pIEG-SS (SED1 anchoring region) and pIEG-SA (the 
3’-half of SAG1 anchoring region). Each plasmid was digested with NdeI 
within the HIS3 gene. The linearized plasmids were transformed into S. 
cerevisiae BY4741 using the lithium acetate method,25 and integrated into 
the HIS3 locus of the chromosomal DNA by homologous recombination, 
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respectively. Additionally, the plasmid of pRS403, which is HIS3 integrated 
vector without display cassette, was used as the control strain. The 
transformed yeast with pIEG-SS, pIEG-SA and pRS403 were named 
BY-EG-SS, BY-EG-SA, and BY-403, respectively. 
 
2.4 Cantilever modified with substrates 
The silicon cantilever coated with gold (Olympus Co. Ltd., Tokyo, 
Japan, OMCL-TR400PB-1, spring constant: 0.09 N/m) was used in this 
study. 
Methylcellulose (MC) was used as the substrate, because it is soluble 
and simple structure. At first, MC was reacted with thiosemicarbazide (TSC) 
to introduce an amino group to an aldehydic reducing end group of MC via 
the established method.26 
The cantilever was modified with the MC derivative, based on the 
previously reported method.27 In brief, the cantilever was treated with 
ultraviolet light irradiation for 1.5 hours to clear the organic compounds that 
may have previously adhered to the cantilever surface. The cantilever was 
then exposed to 100 mL of 4 mg/mL DTSSP solution in 20 mM acetate (pH 
4.8) at room temperature for 30 min. After dipping in 20 mL of ultrapure 
water to wash out the unreacted DTSSP, the DTSSP-modified cantilever was 
then doused at room temperature with 100 mL of a 2 wt% MC derivative for 
1 hour, and then the reacted cantilever was washed via 100 µL of distilled 
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water and 100 µL of 50 mM sodium citrate buffer (pH 5.0). 
The modification of MC was confirmed by imaging the surface of a 
gold chip modified via the same method. 
 
2.5 AFM measurement 
SPA400-Nanonavi AFM unit (Hitachi High-Tech Science, Tokyo, 
Japan) was used in this study. The measurement and mapping was 
performed as reported previously.27 In brief, topographic images were 
captured at a resolution of 64 × 64 pixels with a scan size of 1 µm × 1 µm. The 
interactive forces were analyzed from 4096 data points of the force curves to 
establish correctness and repeatability, and the interactive forces were 
charted to a histogram. The stacked frequency was calculated via the 
previously reported method,27 and indicated as a broken line in the 
histogram, respectively. Then, force curve mapping was visualized using the 
software, FlexPro7 (Hulinks, Tokyo, Japan). 
At first, commercial cellulase (Cellic CTec2; Ctec2, Novozymes, 
Bagsvaerd, Denmark) was modified onto the gold chip, and this gold chip 
was surveyed via the MC-modified cantilever. For evaluating the 
relationship between the interactive force and the commercial cellulase 
concentration, the solution of the commercial cellulase was diluted with 
distilled water. The commercial cellulase was modified to the gold chip via 
the same method as the cantilever modification, and 100 µL of commercial 
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cellulase solutions were reacted on the DTSSP-gold chip for 1 hour, 
respectively. Then, the reacted gold chip was washed via 100 µL of distilled 
water and 100 µL of 50 mM sodium citrate buffer (pH 5.0). 
Yeast cells were pre-cultured and cultured for each time before 
surveying with AFM, respectively. The pre-culture was performed in a 
shaker incubator (150 rpm) at 30 oC using a SD (-His) medium for 20 hours. 
Histidine was the selected marker for all strains (BY-EG-SS, BY-EG-SA, and 
BY-403). Then, optical density at 600 nm (OD600) was adjusted to 0.03 using 
YPD medium, and yeast cells were aerobically cultured in YPD medium in a 
shaker incubator (150 rpm) at 30 oC, respectively. The culture broth was 
sampled at 24 and 48 hours. After that, the yeasts were immobilized on a 
glass using the previously described method.27 
 
2.6 EG assay 
EG assay was performed with the method, as follows. 
AZCL-HE-Cellulose as a purified insoluble polysaccharide was used for the 
EG assay.17–19,24 This substrate was supplied in a tablet form as Cellazyme C 
tablets (Megazyme, Bray, Ireland). After 4 hours of incubation at 38 oC, EG 
activity was evaluated based on the absorbance at 590 nm of an azo-dye 
released into the supernatant. In the case of commercial cellulase, 500 µL of 
each diluted solution was added to 2 mL of an assay solution containing a 
Cellazyme C tablet. In the case of yeast cells, the sampled yeast cells were 
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resuspended in the distilled water (50 g wet cells/L), and then 500 µL of cell 
suspension was added via the same method as in the case of commercial 
cellulase. 
 
2.7 Distance data analysis 
 The force-distance curves were used to indicate more than 50 pN of 
interactive forces, which were randomly selected as follows. Each 
force-distance curve was numbered from 1 to 4096 during measurement. 
After 300 integers were generated via random number generation from 1 to 
4096, the force-distance curves were selected only when the number of 
interactive force corresponded to the random integer and the interactive 
force was more than 50 pN. As a result, 150 force-distance curves were 
selected. If the data were insufficient, the method was repeated and then the 
selected data were added. 
 The distance was calculated as the difference between x-coordinate 
of a peak in a retract curve and x-coordinate of a bending point in an 
approach curve (Fig. S1A). A bending point was determined via the 
numerical differentiation. In the case of some peaks in the single 
force-distance curve, the distance was calculated separately. 
 
3. Results 
3.1 Modification of MC to a gold chip 
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MC was reacted with TSC for modification of the gold-coated 
cantilever. The modification of the cantilever was difficult to observe, 
because the tip was too small. So the gold chip was used to observe the 
modification of MC to the surface of gold (Fig. 1). The surface of the naked 
gold chip was rough (Fig. 1A). After the MC derivative reacted to the gold 
chip, the surface became smoother (Fig. 1B), because the MC was assumed to 
react homogeneously. Then, the MC-modified gold chip was reacted via the 
commercial cellulase for 1 hour, and its surface became rougher than a 
MC-modified gold chip, but was smoother than the naked gold chip (Fig. 1C), 
because it was assumed that cellulase would degrade the MC. The 
modification of MC to the surface of gold was confirmed. 
 
 
Figure 1. Topographical 
images (left panel) and 
sectional images (right 
panel). (A) Naked gold chip, 
(B) MC-modified gold chip, 
and (C) after reacting with 
commercial cellulase. X-Y in 
the left panels was agreed 
with the sectional images in 
the light panels. 
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3.2 Quantification of MC-modified cantilever 
The quantification of MC-modified cantilever was confirmed to 
survey the gold chip modified with the commercial cellulase (Fig. 2). All 4096 
values were charted to histograms (Figs. 2A, B, C, and D). As a result, the 
histogram was broad (Fig. 2A). Then, the commercial cellulase solutions 
were diluted by 3 dilution factors (103, 106, and 1012), and each histogram 
was also broad, respectively (Figs. 2B, C, and D). All histograms were 
broader than expectation based on the reported results, which involved a 
single peak in the short range, although the materials were different.13,16 
However, the peaks of histograms were different. In fact, the average 
interactive forces decreased depending on the dilution factors (Fig. 2E). 
Additionally, EG activities were measured for the dilute commercial 
cellulase solution by dilution factors: 100 to 1022 (Fig. 2F). The activity 
rapidly decreased to dilute 1010 times.  
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Figure 2. Interactive force analysis and EG activity assay to use commercial 
cellulase of each diluted condition. (A) Without dilution, (B) diluted 103 times, (C) 
diluted 106 times, and (D) diluted 1012 times. Broken line is the stacked frequency. 
(E) Average interactive forces, and (F) EG activity. Error bars indicate the standard 
deviations of three independent experiments. OD590 is the optical density at 590 
nm. 
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3.3 Evaluation of yeast cell population 
Yeast cell growth was monitored by OD600 (Fig. 3A); this value is an 
index of the number of yeast cells. In all strains, the number of yeast cells 
increased from 0 to 24 hours, and reached a static state after 24 hours. Then, 
for each cultivation time, the EG activity of the yeast cell population was 
measured using the same method as the EG activity of commercial cellulase 
(Fig. 3B). The EG activity of BY-EG-SS was the highest for each time 
duration; it increased much from 24 to 48 hours and reached a static state 
after 48 hours. On the other hand, the EG activity of BY-EG-SA was lower 
than that of BY-EG-SS, but it was a bit higher than that of BY-403. In 
addition, the EG activity of BY-EG-SA or BY-403 did not change in 
cultivation time, respectively. 
Figure 3. Growth and EG activity assay of yeast cell population. Time course of (A) 
yeast cell growth, and (B) EG activity. Error bars indicate the standard deviations 
of three independent experiments. OD600 is the optical density at 590 nm. 
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3.4 Mapping evaluation of a single yeast cell 
Yeast cells were observed before measuring interactive force, and 
then topographical images were captured (Fig. 4A). The form of yeast 
colonies did not clearly differ depending on the anchor regions or each 
cultivation time. Then, a single yeast cell was selected with a diameter of 
more than 4 µm. The selected yeast was indicated via the box in each 
topographical image. 
Force curve mapping was visualized after continuously measuring 
interactive forces 4096 times (64 × 64) with a scan size of 1 µm × 1 µm (Fig. 
4B). The distribution of displaying EG can be evaluated with the distribution 
or the tone of color. Some clusters of red points were shown in BY-EG-SS 
after 24 h cultivation, and then the most red-points were shown in 
BY-EG-SS after 48 h cultivation. Some light-red points were shown in 
BY-EG-SA after 24 h cultivation. The least red points were shown in BY-403 
after 24 h and 48 h cultivation, however these points were possibly due to 
some nonspecific interactive forces. 
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Figure 4. (A) Topographical images of yeasts (scale bar indicates 2 µm), and (B) 
force curve mappings in the box area of (A). 
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3.5 Quantitative comparison of yeast cells 
Histograms were constructed from the measured interactive forces 
(Fig. 5). To compare the histograms of BY-EG-SS after 24 h cultivation (Fig. 
5A) and BY-EG-SA after 24 h cultivation (Fig. 5B), a clear difference in 
frequency could not be confirmed, and only a small difference was confirmed 
over 100 pN (Fig. 5A inlet and Fig. 5B inlet). On the other hand, the 
histogram of BY-EG-SS after 48 h cultivation was clearly different from the 
others (Fig. 5D). The histogram of BY-EG-SA after 48 h cultivation (Fig. 5E) 
was similar to that after 24 h cultivation (Fig. 5B), but few differences were 
confirmed over 200 pN (Fig. 5B and inlet). The histograms of BY-403 were 
reasonably similar after 24 h cultivation (Fig. 5C) and 48 h cultivation (Fig. 
5F), because BY-403 was the yeast transformed without an EG-display 
cassette. 
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Figure 5. Histograms of interactive forces. BY-EG-SS (A and D), BY-EG-SA (B and 
E), and BY-403 (C and F). After 24 h cultivation (A, B and C) and 48 h cultivation 
(D, E and F). Broken line is the stacked frequency. 
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4. Discussion 
 The interactive force between MC and EG could be measured with 
the quantification of the MC-modified cantilever. This cantilever must be 
quantified for evaluating EG-display levels. EGs are difficult to extract and 
to re-construct after EGs are displayed on a yeast cell surface. So the 
commercial cellulase with the highest activity was diluted and each of the 
diluted cellulases was modified onto a gold chip. The cantilever was 
quantified according to dilutions of from 1 to 106 times: the average 
interactive force decreased with each diluting. Indeed, we reported the 
average interactive force proportionally depended on the concentration of 
molecules modified.28 In addition, EG was assayed for the exclusive 
substrate AZCL cellulose.17–19 To use the commercial cellulase, the activity 
rapidly decreased via a dilution of 1012 times. EG interacted with only 
large-sized cellulose, and randomly degraded it. So either EG could not 
controllably degrade the AZCL-cellulose, or the amount of azo-dye was 
exponentially increased against the amount of EG. In fact, the concentration 
response has not been reported, although the temperature and pH response 
has reported.18 The quantification of cellulases was first indicated in the 
average of interactive forces, with the noted exception of extreme diluting. 
 The MC-modified cantilever could be compared with the difference 
in EG-display levels. The display level is assumed to be a more important 
value for the cell surface display of enzymes. In the previous paper, the 
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β-glucosidase (BGL) activities were different in displays of BGL with the 
same anchor regions, however the BGL-transcription levels were the same 
level after 48 h cultivation.24 Force curve mappings (Fig. 4B) and histograms 
(Fig. 5) indicated only small differences after 24 h cultivation, but clear 
differences after 48 h cultivation, which corresponded to the EG activities 
(Fig. 3B). After 24 h cultivation, almost all EGs were probably expressed 
onto the yeast cell membrane via the GPI-anchored proteins, Sed1 or Sag1, 
before releasing by PI-PLC. Previously, some GPI-anchored proteins were 
reported to express on a lipid raft, which is nanosized cholesterol 
sphingolipid enriched assemblies.29,30 As a result, the red meshes were 
confirmed to aggregate in the nanosized area (Fig. 4B), and the differences 
were assumed to be small in the histograms (Figs. 5A and B). On the other 
hand, in the case of BY-EG-SS after 48 h cultivation, many EGs could be 
expressed and released by PI-PLC. As a result of the multi-interaction 
between EGs and MCs, almost all meshes were red in BY-EG-SS after 48 h 
cultivation (Fig. 4B) and more than 50% of interactive forces were confirmed 
over 100 pN (Fig. 5D). Therefore, the proposed methodology could be first 
indicated the differences in the EG-display levels, and the most EGs could be 
displayed via fusing Sed1 after 48 h cultivation.  
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Force-distance curves would aid in understanding the mechanisms 
of yeast cell surface display system via a GPI-anchored protein. 
GPI-anchored proteins are released by PI-PLC, and then they link with the 
cell wall component, β-1,6-glucan.31–33 Additionally, Sed1 was reported to 
contribute more strongly to the large-sized cellulose than to the small-sized 
cellulose, based on a comparison of the activities.24 So Sed1 seems to link at 
the outer cell wall, and then Sed1 enables EG to easily degrade the 
large-sized cellulose, because the large-sized cellulose can rarely invade a 
cell wall. Yeast cell wall is reported to have the thickness of approximately 
150 nm as measured via AFM in a previous study.34 Some typical 
force-distance curves of BY-EG-SS after 48 h cultivation were indicated in 
Fig. 6A. The major force-distance curves were Figs. 6A-(i), and (ii): (i) no 
peak, and (ii) peaks at a small distance of 20 nm. On the other hand, the 
minor force-distance curves were Figs. 6A-(iii), (iv), and (v): (iii) peaks at 120 
nm, (iv) peaks at 20 nm, 60 nm, and 80 nm, and (v) peaks at 20 nm, 80 nm, 
and 130 nm. These force-distance curves support the idea that Sed1 links at 
the outer cell wall, and both force-distance curves and the proposed model 
are shown in Fig. 6B. Actually, the distance data of peaks were analyzed via 
randomly selecting 150 force-distance curves to indicate more than 50 pN 
(Fig. 7A). The short-distance peak was linked to the detection near a cell 
membrane (Fig. 7B-i), and the long-distance peak was linked to the detection 
at the outer cell wall (Fig. 7B-ii). Although some force-distance curves had 
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peaks, each peak was counted separately. In the case of BY-EG-SS after 24 h 
cultivation, approximately 90% of the peaks were confirmed below 70 nm 
(Fig. 7C). In the case of BY-EG-SS after 48 h cultivation, approximately 80% 
of the peaks were confirmed below 70 nm (Fig. 7D). On the other hand, more 
than 90% of the peaks were confirmed below 70 pN in the case of BY-EG-SA 
after 24 and 48 h of cultivation, respectively (Figs. 7E and F). As a result, 
only BY-EG-SS after 48 h cultivation indicated the most long-distance peaks. 
About the long-distance curve, the vertical position to measure MC and EG 
interaction was not completely clear due to rupturing at an outer of cell wall, 
or rupturing after carrying to an outer of cell wall. Future work should 
include an evaluation of the position via strictly controlling a loading speed. 
However, this study is the first to indicate that AFM can be used to evaluate 
the vertical position of enzymes in yeast cell surface display system. 
  
Figure 6. (A) Typical force-distance 
curves in BY-EG-SS after 48 h 
cultivation, and (B) the proposed model 
of rupturing site in a thickness 
direction. 
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Figure 7. Distance data analysis of the peaks of 150 force-distance curves. (A) The 
calculation of distance in force-distance curve. (B) The proposed model in the case of 
short distance (i; near cell membrane), and long distance (ii; outer of cell wall). (C) 
BY-EG-SS after 24 h cultivation (183 peaks). (D) BY-EG-SS after 48 h cultivation 
(292 peaks). (E) BY-EG-SA after 24 h cultivation (185 peaks). (F) BY-EG-SA after 
(276 peaks). 
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 One of the important problems is the number of pairs between MC 
and EG. The interactive forces are higher than the reported interactive force 
of a single pair of cellulose fibril and other types of CBMs.13 So the high 
interactive force could be due to multi-interactions. Some peaks were 
confirmed in the histogram of BY-EG-SS (Fig. 5D), and these peaks were 
then assigned to the number of molecular pairs between MC and EG. The 
curve fitting analysis was algorithmically performed, based on the 
previously reported method of Fast Fourier transformation.14 In this study, 
the algorithm, Nelder-mead simplex 35,36 was used for optimizing the 
assignment of peaks via the software, Fityk (version 0.9.8, 
http://fityl.nieto.pl). The result of interactive force generally distributes the 
Gauss-function, and the summation of Gauss-functions was optimized to fit 
the histogram (Fig. 8A). The average of the Gauss-function, µ, increased 
linearly depending on the number of functions between 0 and 3 (Fig. 8B). 
The measured interactive force reasonably has a linear number of pairs, so 
the number of functions is assumed to correspond to the number of pairs. 
However, µ was not along the line at the higher numbers, such as 4 and 5. It 
is difficult to evaluate the reasons, however the interaction is implied to 
strengthen when the number of pairs increases. The peak area of each 
function is shown in Fig. 8C. The peak area of F3 was the highest and a 
distribution was confirmed. This result suggests 3 pairs is the highest 
probability. Although the phenomenon of the cantilever tip cannot be 
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observed, more pairs can interact at the same time, which represents a 
difficultly. So the peak area of F2 was a little larger than that of F4, and that 
of F5 was the smallest. As a result, both the Gauss-function and the model of 
pairs are shown in Fig. 8D. This model should be verified via targeting other 
enzymes in future works. However, this study provides novel insight into the 
relationship between the number of interacting molecules and the 
interactive force.  
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Figure 8. Histogram analysis of BY-EG-SS after 48 h cultivation and the 
proposed model of interaction. (A) Gauss-curve fitting and defined values, (B) 
µ versus the number of function (Fn), (C) peak area (multiply FWMH by 
height) versus the number of function (Fn), and (D) the proposed model of 
relation between pairing number and interactive force. Error bars indicate 
the standard deviations of three independent experiments. 
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5. Conclusions 
 We demonstrated a clear difference in EG-display levels via a 
survey using a MC-modified cantilever. The MC-modified cantilever enables 
detection of EG on the yeast cell surface with quantification. To display EG 
on the yeast cell surface, Sed1 is a more suitable anchor because more EGs 
can be displayed onto the outer cell wall. We also suggested a novel 
methodology to algorithmically fit the histograms. Since this is the first use 
of this methodology, an evaluation of it will be required in future work. 
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General conclusion 
This thesis was carried out with the aim of developing AFM force 
measurement based application for bio molecules, such as nucleotides and 
cell-surface proteins. This application enables the effective selection of 
nucleotides, the suitable sensing of peptides with the nucleotides sensor, and 
the specific detection and visualization of cell-surface proteins, as an index of 
interactive force. Therefore, the proposed application will be an attractive 
tool for bioengineering research field. 
Aptamers, which are single stranded nucleic acids between 30 to 70 
nucleotides, has been attractive as a novel biosensor element. The effectively 
selection and the practical sensing are required for development of apramer 
based engineering. The hydrogen bond between complementary nucleotides 
enabled to effectively select the target aptamer. The interactive force of 
hydrogen bonds could be measured via the proposed application, so the 
suitable number of nucleotides can be chosen depending on a target molecule. 
On the other hand, aptamer based sensor enabled to specifically detected 
and monitored a target peptide, as an index of interactive force. Additionally, 
the number of molecules was estimated via the fitting analysis. In future 
study, both the effectively selection of various aptamers and the practical 
sensing of various molecules will be constructed based on the proposed 
application. 
Cell surface proteins have been attractive as a main target of biological 
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engineering, such as medicinal research and cell surface engineering. A cell 
surface has various molecules, so it is too complex to specifically detect the 
target molecules. The interactive force measurement enabled to specifically 
detect the membrane receptor and the display enzyme, and to clearly 
visualize them. The differences of expression level or display level could be 
compared quantitatively with the proposed methods, and then the number of 
display enzyme was also estimated via the fitting analysis, as a single 
molecule level. Additionally, the space from a cell membrane to a cell wall 
could be analyzed via the force-distance curve. In future study, the 
interactive force measurement will enable the medicines evaluation and the 
cell surface enzyme evaluations via surveying various cells (Fig. 1). 
Figure 1. Future prospect for AFM measurement on a cell surface. 
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In conclusion, the application based on dynamics promotes the 
understanding of bio-molecules, and implements the novel usages, such as 
selections, sensors, and visualizations. The proposed AFM study was 
achieved to estimate the number of molecules via improving data quality, to 
interpret the cellular data of target molecules, and to sense the multiple 
parameters, such as force and distance simultaneously. 
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